04/06/2006 12:31 4049495731 PATTERSON PAGE 05/37 



PATENT APPLICATION 
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re the application of: Attorney Docket No.: 2950.20US0J 

Chaloner-Gill et al. Confirmation No.: 2942 

Application No.: 09/845.985 Examiner Marie Ruthkosky 

Filed: April 30. 2001 Group Art Unit: 1745 

^SnnS^^J^S 1490 ™^ AND METHODS FOR F °RM1N0 PARTICLES 



DECLARATION UNDER 37 C.F.R. § 1.132 

Mail Stop Amendments 
Commissioner for Patents 
P.O. Box 1450 

Alexandria, VA 223 13-1450 ^ 

CO 
H 



Sir: 



We, Craig R. Home, Ph.D. and On K. Chang, Ph.D., hereby declare as follows: 



1 • Craig R. Home, Ph.D. is presently Director, Electrochemical Applications at NanoGram, 5» 
Corp. Dr. Home was awarded his PhJD. in Materials Science & Mineral Engineering from the 
Universily of California, Berkeley in 2000. Dr. Home has eight published technical papers, has m 
been active in the Electrochemical Society and has referred papers for the Journal of the Q 
Electrochemical Society. Dr. Home has been an employee or consultant to NanoGram, its parent TJ 
company NeoPhotonics or its majority owned subsidiary Kainos Energy Corporation since he ~" 
departed Berkeley in 1998. Dr. Home is an inventor on 10 issued U.S. Patents and numerous 
U.S. and foreign pending applications. More details on Dr. Home's qualifications are found on 
the attached resume. 

2. On K. Chang, Ph.D., is presently a consultant for NanoGram Corp. Dr. Chang received 
his Ph.D. from the University of California, Davis in Physical Chemistry in 1985. Dr. Chang has 
nine scientific publications and has worked extensively in the battery at,d battery materials area 
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from 1986 lo the present. In particular, except for two years working on semiconductor 
packaging, Dr. Chang has worked in the battery areas for this entire time. Dr. Chang is an 
inventor on 20 issued U.S. Patents. More details on Dr. Chang's qualifications are found on the 
attached resume. 



3. Dr. Home is an inventor on the patent application noted above that is presently under 
examination. Dr. Chang is not an inventor on this patent application. However, he has reviewed 
the pending claims in this application. 

4. We have carefully read U.S. Patent 5,538,814 to Kamauchi et al. (the Kamauchi patent). 
We have reproduced the formation of lithium cobalt phosphate based on the teachings of the 
Kamauchi patent. Specifically, we followed a procedure similar to the procedure of Example 1 
of the Kamauchi patent. Thus, we mixed lithium carbonate, cobalt carbonate hydrate and 85% 
phosphoric acid to achieve an atomic ratio of Li :Co:P = 2; 1 : 1 . We used cobalt carbonate hydrate 
as a substitute for basic cobalt carbonate, which generally has cobalt hydroxide as a contaminant, 
due to its higher purity. As noted in the Example, this results in a mixed phase material 
comprising lithium phosphate, lithium-cobalt phosphate and cobalt oxide. As Ascribed in the 
Kamauchi patent, the reaction mixture was heated at 900°C for 24 hours. Further details are in 
the attached report. 

5. In addition to the formation of lithium cobalt phosphate, we also synthesized lithium iron 
phosphate using techniques similar to known approaches and the approach in the Kamauchi 
patent. Specifically, the LiFePO* was synthesized using the procedure in the Kamauchi patent 
with some revisions based on a procedure published in an article by A. K. Padhi, K. S. 
Nanjimdaswamy, and J. B. Goodenough, "Phospho-olivines as Positive Electrode Materials for 
Rechargeable Lithium Batteries," J. Electrochemical Society, 144(4): 1188-1193 (1997). Our 
synthesis reaction involved Fe(H) oxide, 85% phosphoric acid and lithium carbonate. Iron (II) 
carbonate, corresponding to the cobalt carbonate of the Kamauchi process, is not commercially 
available and is thought to be unstable due to spontaneous decomposition to iron oxide and 
carbon dioxide. Also, iron (II) oxide is known to react with phosphoric acid to form iron 
phosphate so it seemed to be an appropriate reactant. Phosphoric acid was used since it was used 
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in the Kamauchi patent Relative to the Padhi et al. process, we substituted Fe(U) oxide for 
Fc(n> acelatc and 85% phosphoric acid for ammonium phosphate. In our synthesis reaction, an 
initial heating step was performed at 300 to 350°C, which was followed by heating at 800*0 for 
24 hours. The heating was done in a nitrogen environment, as taught in Padhi et al. since it is 
thought that heating in the presence of oxygen would form Fe(IIl). The resulting composition 
was confirmed with an x-ray diffractogram so that the substitutions did not change the product 
composition. Further details arc in the attached report. 

6. The as synthesized phosphate powders were processed using ball milling. The Kamauchi 
patent does not describe their milling techniques in detail. However, Example 7 at column IS 
describes ball milling as a suitable milling approach. Similarly. Example 10 describes milling in 
a ball mill for 24 hours. This is the approach that we adopted for processing of the phosphate 
powders. A commercial ball mill was used, and the powders were milled for 24 hours. The 
results of our phosphate particle processing is described in detail in the attaches report entitled 
"Grinding of Lithium Cobalt Phosphate Mixed Phase Material (Li-Co-PO*) and Lithium Iron 
Phosphate (LiPcP0 4 )." The results of which are summarized in the following. 

7. The ground phosphate powders were evaluated using both visual evaluation of scanning 
electron micrographs (SEM) and light scattering of powders dispersed in a liquid. Transmission 
electron micrographs were not obtained since these would not have been meaningful beyond the 
SEM photos due to the large particles in the samples and the large range of particle sizes. The 
non-uniformity of the powders is readily observable in the SEM photographs, which clearly 
show tiny particles as well as relatively large chunks. These results are consistent with the light 
scattering results, which clearly show a very broad distribution of particle sizes. Plots in the 
attached report show the particle size distribution by volume as well as by particle number for 
the two phosphate samples. The light scattering results were performed with an ultrasonic probe 
to break agglomerates. This state of the art dispersion approach should be very effective at 
separating particles within agglomerates. The light scattering measurements were performed by 
an independent contractor based on samples that we provided. 
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8, These particle size measurements clearly demonstrate that conventional grinding 
approaches cannot produce phosphate powders with close to the uniformity of the phosphate 
powders claimed in the pending claims of the present application. 

9. We each independently declare that all statements made herein that are of my own 
knowledge are true and that all statements that arc made on information and belief art believed to be 
true; and further that these statements were made with the knowledge that willful false statement* 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 
18 of the United States Code and that such willful false statements may jeopardize the validity of 
the application or any patent issued thereon, 



Date 




Craig R. Home, Ph.D, 




Date 



On K, Chang, Ph.D. 



CERTIFICATE OJ 5 FACStKffTJUE TRANSMISSION 
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Grinding of Lithium Cobalt Phosphate Mixed Phase Material 
(L1-C0-PO4) and Lithium Iron Phosphate (LiFeP0 4 ) 

On Chang and Craig Home 

NanoGram Corporation 

BACKGROUND 

The purpose of this experiment is to evaluate the particle size distribution of metal 
phosphate nanoscale particles produced by following the teaching of U.S. Patent 
5,538,814, the Kamauchi patent. For completeness, this demonstration was performed on 
two separate metal phosphate systems: (a) the Li-Co-P0 4 mixed-phase material that is 
the specific example in the Kamauchi patent, and (b) LiFePCV 

EXPERIMENTAL 
Chemicals 

Cobalt (II) carbonate hydrated: Sigma-Aldrich, Cat. No. 202193, Lot No, 05 130JC 
Lithium carbonate: Sigma-Aldrich, Cat. No. 255823, 99% ACS grade, Lot No. 08004KC 
Phosphoric acid: Ashland chemical, 85%, semiconductor grade 
Iron (II) Oxide: Sigma-Aldrich, Cat. No. 400866, 99.9%, Lot No. 13722PC 

Equipment 

Jar mill: One-tier jar high-capacity laboratory jar mill, 13" roller, Cole Parmer, Cat. No. 
EW-04149-00 

Milling jar: HDPE milling jar, 0.25 gal, with ridges on the interior to improve tumbling 

of the grinding media. Cole Parmer Cal. No. EW-041 72-02 
Milling jar sleeve: Milling jar sleeve, Cole Parmer Cat. No. EW-041 72-1 2 
Grinding media: Ztrconia grinding media, 3/8" x 3/8. Cole Parmer Cat. No. EW-04158- 

10. About 2.37kg (750 pieces) of the grinding media were used per milling jar. 
Sieve: USA Standard test sieve, No 10. (2mm). Stainless steel frame and wire, 8" 

diameter. Cole Parmer Cat. No. EW-59984-01. 
Approach 

The chemical precursors were first evaluated to determine the molar amount of metal per 
unit weight of precursor. The established molar quantities were then used to determine 
the precursor quantities yielding the desired metal ratio. The respective precurors were 
weighed andanixed, calcined, and finally milled following the methods prescribed in the 
Kamauchi patent. The synthesized materials were analyzed for phase content by X-ray 
diffraction and particle size by several methods, 

RESULTS: AND DISCUSSION 
Precursor Atialysis 

The cobalt (It) carbonate hydrated as purchased contains unknown amount of hydratcd 
water. It is necessary to determine the water content in order to achieve an accurate 
stoichiometry. 
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Before the analysis, it is necessary to allow the cobak (II) carbonate sample to reach 
equilibrium with normal lab atmosphere so that no water will be gained or lost during 
sample handling. To achieve this, about 20 g of cobalt (II) carbonate was placed on a 
dish and exposed to normal lab atmosphere for 14 hours. Then the exposed cobalt (II) 
carbonate was analyzed with TGA (tbermogravimetric analyzer) to determine the water 
content from the weight loss. The TGA ramp rate was 1 OC/min. The atmosphere was 
4% H2 in Na. The result is shown in Figure 1 * 



Figure 1 . TGA Curve of Cobalt (II) Carbonate Hydrated 
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The total wt loss from room temp to 500C was about 54.8%, corresponding to C0CQ3 8.0 
IfcO (MW= 262.9). The amount of water in excess of the amount corresponding to the 
known hexa-hydrated form (see, for example "Merck Index") is probably due to absorbed 
water. Since water of hydration does not form with LijCQj or FeO, and the P precursor 
was in liquid form, this analysis was not required to generate the necessary molar 
quantities of lithium, iron, or phosphorous per gram of their respective precursors. 

Synthesis of materials 

The respective precursor chemicals were used for the synthesis of Li-Co-P04 and 
LiFeP04 according to the teachings of the Kamauchi patent. Note that the precursor 
mixing method used in this experiment, grinding in a mortar and pestle, is more detailed 
and thorough than that described in the Kamauchi patent (see Appendix A). The mortar 
and pestle mixing employed in this experiment tends to reduce precursor particle size. 
Therefore, this approach will help minimize product particle size thus making the 
experiment more favorable towards achieving the results asserted in the Kamauchi patent. 

Synthesis of Li-Co-PO* mixed-phase material 

According to the Kamauchi patent, it is understood that the product, hereafter referred to 
as Li-Co-P04 positive electrode material mix, is not a pure phase, but is a mixture of 
lithium phosphate, lithium cobalt phosphate, and lithium cobalt oxide. The amounts of 
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starting materials actually used in this experiment are shown in Table 1 and yielded a 
Li:Co:P atomic (mole) ratio of 2: 1 :1 . The atomic ratio used matches that used in 
Example I of the Kamauchi patent (Appendix A). 

Table 1. Amounts of Starting Materials for the Synthesis of 



Li-Co-F0 4 Material Mix 



Materials 


Molar 


Wt(g) 


Moles 


Atomic 




mass 


used 




ratio 


U2CO3 


73.88 


4.984 


0.06746 


2.00 


C0CO3 8.0 H 2 0 


262.9 


17.75 


0.06752 


1.00 


H3PO4, 85% solution 


98.00 


7.785 


0.06752 


1.00 



L12CO3 and C0CO3 8.0 BbO were weighed out and mixed with mortar and pestle for 
about 10 minutes. After grinding, the color was uniformly pink. Then phosphoric acid 
was added and mixing continued for another 20 minutes. Within a few minutes after 
adding phosphoric acid, foaming due to generation of CO2 was observed. After the 
mixing, the power appeared dry. The color was pink. 

The mix was then placed in a crucible and heated in the furnace. The temperature was 
ramped up at 10 C/min to 900 C, then held at 900 C for 24 hours. The weight of the 
reaction mix before heating was 29.535g. The weight of the product mix after heating 
was 17.382g. After heating, the product was in the form of a soft cake of powder. The 
color of the product was dark gray. The product was later ground and milled, as 
described below. 

Synthesis of LiFePO a material 

According to a journal article (Padhi, 1997, see Appendix B), the mole ratio of Lt, Fe and 
P should be 1 : 1 : 1 . The amounts of starting materials actually used in this experiment for 
the synthesis of LiFeP04 are shown in Table 2. 



Table 2. Amount of Starting Materials for the Synthesis oi 


FLiFePO* 


Materials 


Molar 
mass 


Wt(g) 
used 


Moles 


Atomic 
ratio 


LiaCOs 


73.88 


4.889 


0.06617 


1.00 


FeO 


71.85 


9.511 


0.13237 


1.00 


H3PO4, 85% solution 


98 


15.31 


0.1328 


1.00 



Li2CC>3 and FeO were first weighed out and ground together with mortar and pestle for 
20 minutes. After grinding, the color was uniformly gray. Then H3PO4 was added. Gas 
(presumably CO2) was generated. After mixing of the above material, the material was 
dark gray and mud-like. The material was heated under nitrogen at 300°C for one hour. 
After heating* the material forms brittle lumps. The color was not uniform, from light 
gray to dark gray. The material was then ground with a mortar and pestle. Then the 
material was further healed under nitrogen at 800°C for 24 hours. After heating, the 
product was in the form of a sintered hard cake. The product color was not uniform, 
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from gray to beige. Some of the material adhered to the crucible tightly and could not be 
collected. The product was also later ground and milled, as described below. 



Grinding of materials 

The Li-Co-P0 4 positive electrode material mix and the LiFeP04 were ground using the 
same method but in two separated jars. The method used followed the teachings of 
Examples 10, 1 1, and 12 from the Kamauchi patent The grinding jar was charged with 
2.37kg (750 pieces) of grinding media. The material to be ground was added to the jar. 
In the case of LiCoP04> the soft cake of material from the heating was crushed by hand 
and added to the milling jar. In the case of LtFePO/t, the hard cake of material from the 
heating was crushed with mortar and pestle until the particle size was less than about 
1mm, then added to the milling mar. The jar mill was turned on and adjusted to 1 50+/-7 
rpirL After 24 hours of grinding, the powder was separated from the grinding media with 
a coarse (2mm) sieve. After grinding, the color of the Li-Co-P04 positive electrode 
material mix powder was dark gray. The color of the LiFePO* powder was grayish 
beige. 

Phase Analysis via ^X-rayLdiQrgctjon 

X-ray diffraction measurements were performed on the synthesized and ground materials. 
The X-ray diffraction patterns are shown in Figures 2 and 3. The pattern of the Li-Co- 
P0 4 material mix did not match that of LiCoPCU from literature. This was expected since 
it was a mixture. The pattern of the LiFeP04 material matched XRD patterns for 
LiFePCU in the literature (stick pattern shown by black lines in Figure 3), but some 
impurity phases could be seen. 

Figure 2. X-ray Diffraction Pattern of Li-Co-PO* Mixed Phase Material 
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Figure 3. X-ray Diffraction Pattern of LiFeP0 4 Material 




Particle size analysis 

Attempts were made to measure the particle size distribution with the Malvern Zetasizer 
ZEN3600 particle size analyzer. Approximately 0. 1 g of the Li-Co-P04 mixed phase 
sample after 24 hour grinding was added to 20 mL of water. The mix was shaken by 
hand for 1 minute and sonicated in an ultrasonic bath for 30 minutes. However, during 
the duration (about 2 minutes) of analysis, a significant portion of the sample 
precipitated. The Malvern Zetasizer ZEN3600 particle size analyzer is designed for 
particles small enough not to precipitate out during measurement even without stirring. 
The feet that L3-C0-PO4 mixed phase powder precipitated indicated that the particles 
were too large for the instrument. Because of this difficulty, samples of both the Li-Co- 
PO4 mixed phase powder and LiFePQ* powder were sent to Micro raeritics Analytical 
Services 1 for particle size analysis by a light scattering technique performed with a 
Micromeritics Saturn DigiSizer 5200 Particle size analyzer (which has a larger maximum 
size range than the ZEN3600). General descriptions of the analysis techniques available 
at Micro mertics are given in Appendix C. Standard method 520-01 (non-aqueous liquid 
dispersion) was chosen as the method. Isopropanol was chosen as the liquid for two 
reasons: (1) Isopropanol wets the samples very well (2) All components, including 
possible impurities, in the samples are expected to be insoluble in isopropanol 

In the preparation of the dispersion, 2.2g of the sample was added to 80 mL of 
isopropanoL The dispersion was sonicated using a high intensity (100 W) ultrasonic 
probe for one minute in order to break any agglomerates of particles. An ultrasonic probe 
(instead of an ultrasonic bath) was used because of its much higher intensity. The 
analysis was done twice for each sample. The results reported here are the average of the 
two analyses. The particle size distribution can be shown as a volume distribution , or as 
a number distribution . The difference and relationship between the two is explained in 
Appendix D. The NanoGram patent application describes particle size distributions with 



Micromeritics Analytical Services, www.particletesting.com. One Micromeritics Drive; Norcross, 
Georgia 30093-1 877. (770)772-3630 
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respect to a number distribution. However, it is also common to describe a particle size 
distribution with respect to volume distribution. Therefore, the data in this experiment is 
provided both ways. For the two samples, the particle size volume distributions are 
shown graphically in Figures 4 and 5. The particle size number distributions are shown 
graphically in Figures 6 and 7. The numerical values of cumulative volume fraction are 
shown in Tables 3 and 4, 



Figure 4. Particle Size Volume Distribution of U-C0-PO4 Mixed-Phase Material 
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Figure 5. Particle Size Volume Distribution of LiFePO* Material 
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Figure 6. Particle Size Number Distribution of Li-Co-P0 4 Mixed-Phase Material 

i» Li-Co-PQ4 Mixed-Phase Material 
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Figure 7. Particle Size Number Distribution of LiFeP04 Material 




Particle Diameter (fjm) 



Page 7 of 14 



NauoGram Corporation Confidential 



PAGE 1 5/37 * RCVD AT 41/2006 12:23:47 PH [Eastern BayGght Time] * SVRiUSPTO-EFXRF-lfiO 1 DNIS:2738300 1 CSID:4049495731 1 DURATION (mn>ss):17-14 



04/06/26B& 12:31 4049495731 



PATTERSON 



PAGE 16/37 



Table 3. Cumulative Volume Fractions of Li-Co-P0 4 Mixed-Phase Material 

Smaller than a Particular Particle Size from Two Separate Measurement Runs. 



Particle 


% volume smaller 


than particle size 




Particle 


% volume 


smaller than particle size 


size 
[diameter 
in |jm) 








Standard 
Deviation 




size 
in Mm) 


I wSl 1 


Test 2 


Average 


Standard 
Deviation 


0 073 


0.00% 


0.00% 


0.00% 


0.00% 




3.668 


45.95% 


46.08% 


46.02% 


• 0.09% 


0,082 


0.01% 


0.01% 


0.01% 


0.00% 




4.116 


48.38% 


48.48% 


48.43% 


0.07% 


0,092 


0.02% 


0.04% 


0.03% 


0.01% 




4.618 


50,72% 


50.82% 


50.77% 


0,07% 


0.103 


0.05% 


0.08% 


0.07% 


0.02% 




5.182 


52.98% 


53.08% 


53.03% 


0.07% 


0.116 


0.10% 


0.15% 


0.12% 


0.04% 




5.814 


55.17% 


55.27% 


55.22% 


0.07% 


0.130 


0,17% 


0.25% 


0.21% 


0,05% 




6.523 


57.32% 


57.42% 


57.37% 


0.07% 


0.140 


0.28% 


0.38% 


0.33% 


0.07% 




7.319 


59.49% 


59,58% 


59.53% 


0.06% 


0.164 


0.43% 


0.56% 


0.50% 


0.09% 




8.213 


61.72% 


61.77% 


6175% 


0.04% 


0.184 


0.65% 


0.80% 


0.73% 


0.11% 




9.215 


64.01% 


64.02% 


64.02% 


0.01% 


0.200 


0,95% 


1.12% 


1.04% 


0.12% 




10.339 


66.31% 


66.31% 


66.31% 


0.00% 


0.231 


1.35% 


1.54% 


1.44% 


0.13% 




11.600 


68.59% 


68.59% 


68.59% 


0.00% 


0.260 


1.86% 


2.06% 


1,96% 


0.14% 




13.016 


70.82% 


70.84% 


70.83% 


0.02% 


0.291 


2.51% 


2.70% 


2.61% 


0.14% 




14.604 


73.03% 


73.06% 


73.04% 


0.02% 


0.327 


3-30% 


3.48% 


3.39% 


0.13% 




16.386 


75.25% 


75.27% 


75,26% 


0.01% 


0.307 


4.23% 


4.40% 


4.32% 


0.12% 




18.366 


77.50% 


77.50% 


77.50% 


0.00% 


0.412 


5.31% 


5.46% 


5.38% 


0.11% 




20.629 


79.76% 


79.74% 


79.75% 


0.01% 




6.52% 


6.65% 


6.59% 


0.10% 




23.146 


82.00% 


81.98% 


81.99% 


0.02% 




7.85% 


7.98% 


7.91% 


0.09% 




25.970 


84,18% 


84.16% 


84.17% 


0.01% 


0.581 


9.28% 


9.41% 


9.35% 


0.09% 




29.139 


86.27% 


86.26% 


86.27% 


0,01% 


0.652 


10.81% 


10.95% 


10.88% 


0.10% 




32.695 


88.27% 


88.26% 


88.27% 


0.01% 


0.732 


12.43% 


12.60% 


12.52% 


0.12% 




36.684 


90.19% 


90.17% 


90.18% 


0.01% 


0 891 


14.16% 


14.35% 


14.26% 


0.13% 




41.160 


91.98% 


91.95% 


91.96% 


0.02% 




16.01% 


16.22% 


16.12% 


0.15% 




46 182 


93 58% 


93.55% 


93.56% 


0.03% 


1.034 


18.01% 


18.23% 


18.12% 


0.15% 




51.817 


94.96% 


94.94% 


94.95% 


0.02% 


1.160 


20.17% 


20.38% 


20.27% 


0.15% 




58.140 


96.12% 


96.13% 


96.12% 


0.01% 


1.302 


22.48% 


22.70% 


22.59% 


0.15% 




65.234 


97.08% 


97.15% 


97.11% 


0.05% 


1.460 


24.95% 


25.18% 


25.06% 


0.17% 




73,194 


97.89% 


98.03% 


97.96% 


0.10% 


1.639 


27.53% 


27.80% 


27.66% 


0.19% 




82.125 


98.57% 


98.76% 


98.67% 


0.13% 


1.839 


30.19% 


30.51% 


30.35% 


0.22% 




92.148 


99.13% 


99.33% 


99,23% 


0.14% 


2.063 


32.89% 


33.25% 


33.07% 


0.25% 




103.389 


99.54% 


99.71% 


99.63% 


0.12% 


2.315 


35.59% 


35.95% 


35.77% 


0.25% 




116.005 


99.82% 


99.92% 


99.87% 


0.07% 


2.597 


38.26% 


38.57% 


38.41% 


0.22% 




130.159 


99.95% 


99.99% 


99.97% 


0.03% 


2.914 


40.88% 


41.12% 


41.00% 


0.17% 




146.041 


100.00% 


100.00% 


100.00% 


0.00% 


3.269 


43.45% 


43.82% 


43.53% 


0.12% 















From the table, for example, only 0.07% of the volume of the powder is in particles 
smaller than 0. 103jim, 1.04% smaller than 0,206jim, 7,91% smaller than 0.5 181x111, 
18.12% smaller than 1 ,034pjn, and 33.07% smaller than 2.063jxm. The reproducibility of 
the two tests were excellent, as indicated by the small standard deviation. 
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Table 4. Cumulative Volume Fractions of LiFeP0 4 Material Smaller than a Particular 
Particle Size from Two Separate Measurement Runs. 



Particfe 

size 
(diameter 
_ in M*n) 


% volu 


me smafle 


r than particle size 






% volume smaller than particle size 


Test 1 


Test 2 




Standard 
deviation 




size 
(diameter 
in pm) 


Test 1 


Test 2 


Average 


Standard 
deviation 


0.073 


l 0.00% 


0.00% 


> 0.00% 


> 0.00% 




2.914 


54.18% 


54.23% 


54.21% 


0.04% 


0,082 


0.03% 


0.03% 


0.03% 


0.00% 




3.26S 


56.48% 


56.51% 


56.50% 


0.02% 


0.092 


0.09% 


0.10% 


0.09% 


0.01% 




3.668 


58.67% 


56.69% 


58.68% 


0.02% 


0.103 


0.19% 


0.22% 


0.20% 


0.02% 




4.116 


60.74% 


60.77% 


60.76% 


0.02% 


o,ne 


0.35% 


0.39% 


0.37% 


0.03% 




4,618 


62.74% 


62.77% 


62.75% 


0.02% 


0.130 


0.57% 


0.62% 


0.60% 


0.04% 




5.182 


64.69% 


64.72% 


64.71% 


0.02% 


0.146 


0.88% 


0.95% 


0.91% 


0.05% 




5,814 


66.64% 


66.67% 


66.66% 


0.03% 


0,164 


1.29% 


1.37% 


1.33% 


0.08% 




6.523 


68.59% 


68.64% 


68.62% 


0.04% 


0.184 


1.83% 


1.93% 


1.88% 


0.07% 




7.319 


70.54% 


70.62% 


70.58% 


0.08% 


0.206 


2.52% 


2.64% 


2.58% 


0.08% 




8.213 


72.47% 


72.57% 


72.52% 


0.07% 


0.231 


3.40% 


3.53% 


3.47% 


0.09% 




9,215 


74.38% 


74.46% 


74.41 % g 


0.07% 


0.260 


4,49% 


4.62% 


4.56% 


0.09% 




10.339 


76.21% 


76.28% 


76.24% 


0.05% 


0.291 


5.80% 


5.94% 


5.87% 


0.09% 




11.600 


78.02% 


78,05% 


78.04% 


0.02% 


0.327 


7,35% 


7.48% 


7.42% 


0.09% 




13.016 


79.81% 


79.81% 


79.81% 


0.00% 


0.367 


9.14% 


9.25% 


9.19% 


0.08% 




14.604 


61.60% 


81,58% 


81.59% 


0.01% 


0.412 


11.13% 


11.23% 


11.18% 


0.07% 




16.386 


83.38% 


83.37% 


83.37% 


0.01% 


0,462 


13.30% 


13.39% 


13.34% 


0.06% 




18.386 


85.12% 


85.14% 


85.13% 


0.01% 


0.518 


15.61% 


15.69% 


15.65% 


0.06% 




20.629 


86.80% 


86.84% 


66.82% 


0.03% 


0.581 


18.02% 


18.10% 


18.08% 


0.05% 




23.146 


68.37% 


86.42% 


88.40% 


0.03% 


0.652 


20.50% 


20.58% 


20.54% 


0.06% 




25.970 


89.83% 


69.85% 


89.84% 


0.02% 


0.732 


23.02% 


23.11% 


23.07% 


0.08% 




29.139 


91.19% 


91.19% 


91.19% 


0.00% 


0.821 


25.59% 


25.69% 


25.64% 


0.07% 




32.695 


92.50% 


92.48% 


92.49% 


0.02% 


0.921 


28.22% 


28.33% 


28.28% 


0.08% 




36.684 


93.77% 


93.73% 


93.75% 


0.03% 


1.034 


30.92% 


31.03% 


30.97% 


0.08% 




41.160 


94,95% 


94.93% 


94.94% 


0.02% 


1.160 


33.67% 


33.78% 


33.72% 


0.08% 




46,182 


96.04% 


96.04% 


96.04% 


0.00% 


1.302 


36.45% 


36,55% 


36.50% 


0.07% 




51.817 


97.01% 


97,05% 


97.03% 


0.03% 


1.460 


39.20% 


39.29% 


39.24% 


0.06% 




58.140 


97.87% 


97.95% 


97.91% 


0.05% 


1.639 


41.87% 


41.95% 


41.91% 


0.06% 




65.234 


98.64% 


98.73% 


98.68% 


0.06% 


1.839 


44.43% 


44.51% 


44.47% 


0.06% 




73.194 


99.26% 


99.34% 


99.30% 


0.06% 


2.063 


46.01% 


47.00% 


48.95% 


0.08% 




82.125 


99.70% 


99.75% 


99.72% 


0.04% 


2.315 


49.36% 


49.44% 


49.40% 


0.06% 




92.146 


99.93% 


99.94% 


99.93% 


0.01% 


2,597 


51.80% 


51.87% 


51.83% 


0.05% 




103.389 


100.00% 


100.00% 


100.00% 


0.00% 














109.515 


100.00% 


100.00% 


100.00% 


0.00% 



From the table, for example, only 0.20% of the volume of the powder is in particles 
smaller than 0.103*™, 2.58% smaller than 0.206jim, 15.65% smaller than 0.5 18jim, 
30.97% smaller than 1 .034^, and 46.95% smaller than 2.063jim. The reproducibility of 
the two tests were excellent, as indicated by the small standard deviation. 



NanoGram Corporation Confidential. 



Page 9 of 14 



PA(^ 17/37 a RCVD AT 4/6(200$ 12:23:47 PM [Eastern Uaylight Time] • SVR:USPTO-EFXRF-1/20 1 DNIS:2738300 ^ CSID:404W95731 * DURATION (mnyss):17-14 



04/86/2086 12:31 4049495731 



PATTERSON 



PAGE 18/37 



Table 5. Cumulative Number Fractions of Li-Co-P0 4 Mixed-Phase Material 

Smaller than a Particular Particle Size from Two Separate Measurement Runs. 



Particle size 


% number smaller 




Particle size 


% number smaller than 


(diameter in Mm) 


than particle size 




(diameter In grn) 


particle size 


0.075 


1.33% 




0.671 


97.27% 


0.080 


3.80% 




0.711 


97.63% 


0.085 


6.52% 




0.753 


97.95% 


0.090 


9.88% 




0.798 


s-irH AAA/ 

98.22% 


0.095 


13,54% 




0,845 


98.46% 


0.100 


17.39% 




0.895 


98.67% 


0.106 


21.36% 




0.948 


98.85% 


0.113 


25.39% 




1.005 


99.01% 


0.119 


29.44% 




1.064 


99.15% 


0.126 


33.49% 




1.127 


99.27% 


0.134 


37.51% 




1.194 


99.38% 


0.142 


41 .48% 




1.265 


99.47% 


0.150 


45.37% 




1.340 


99.55% 


0.159 


49.18% 




1.419 


99.62% 


0.169 


52.89% 




1,503 


99.68% 


0.179 


56.49% 




1.592 


99.73% 


0.189 


59.96% 




1.686 


99.77% 


0.200 


63.29% 




1.7B6 


99.81% 


0,212 


66.47% 




1.892 


99.84% 


0.225 


69.50% 




2.004 


99.87% 


0.238 


72.36% 




2.123 


99.89% 


0.252 


75.05% 




2249 


99.91% 


0.287 


77.57% 




2.382 


99.92% 


0.283 


79.91% 




2,523 


99.94% 


0.300 


82.08% 




2.673 


99.95% 


0.318 


84.07% 




2.831 


99.96% 


0.338 


85.89% 




2.999 


99.96% 


0.356 


87.55% 




3.177 


99.97% 


0.378 


89.05% 




3.365 


99.97% 


0.400 


90.39% 




3.564 


99.98% 


0.424 


91.59% 




3.776 


99.98% 


0.449 


92.66% 




3.999 


99.99% 


0.475 


93.81% 




4.236 


99.99% 


0.503 


94.44% 




4.487 


99.99% 


0.533 


95.17% 




4.753 




0.565 


95.81% 




5,035 


99.99% 


0.598 


96.36% 




5.333 


99.99% 


0.634 


96.85% 




5.649 


99.99% 








5.984 


100.00% 



From the table, for example, only 17.39% of the number of particles are smaller than 
0.1 00 jim, and 63.29% smaller than 0.200fim. 
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Table 6. Cumulative Number Fractions of UFeP0 4 Material Smaller than a Particular 
Particle Size from Two Separate Measurement Runs. 



Particle size 
(diameter in pm) 


% number smaller 
than particle size 




Particle size 
(diameter in pm) 


% number smaller than 
particle size 


0.075 


1.57% 




0.598 


97.7 f fo 


0.080 


4.24% 




0,634 


98.1 1 vb 


0.085 


7.65% 




0,671 


98.4UV0 


0.090 


11.57% 




0.711 


98.65% 


0.096 


15.79% 




0.753 


AA A A <| / 

98.86% 


0.100 


20.20% 




0.798 


99.03% 


0,106 


24.70% 




0.845 




0.113 


A A AAA/ 

29.22% 




0,895 


An no/ 
99.31 To 


0.119 


33.70% 




0.948 


Oft A*\Q/ 

99.42% 


0,126 


A A A An/ 

38.12% 




1.005 


AT* COB/ 

99.52% 


0.134 


42.45% 




1.064 


99,59% 


0.142 


46.66% 




1.127 


99.66% 


0.150 


50.74% 




1.194 


99.72% 


0.159 


54.67% 




1.265 


99.77% 


0.169 


58.44% 




1.340 


AM a/ 

99.81% 


0,179 


*5*A ACA/ 

62.05% 




1.419 


99.84% 


0.169 


65.47% 




A XL no 

1.503 


99.87% 


0.200 


AA VAII/ 

68.72% 




1.592 


-on AS 

99.89% 


0.212 


71.78% 




1.686 


99.91% 


0.225 


74.65% 




1.786 


99.92% 


0.238 


77.32% 




1.892 


99.94% 


0.252 


79.80% 




2.004 


99.95% 


0.267 


82.10% 




2.123 


99.96% 


0.283 


84.20% 




2.249 


99.96% 


0.300 


oo, 11 % 






on 0,7 ©A 


0.318 


87.85% 




2.523 


99.97% 


0.336 


89.42% 




2.673 


99.98% 


0.356 


90.82% 




2.831 


99.98% 


0.378 


92.06% 




2.999 


99.99% 


0,400 


93.17% 




3.177 


99.99% 


0.424 


94.14% 




3.365 


99.99% 


0.449 


94.98% 




3.564 


99.99% 


0.475 


95.72% 




3.776 


99.99% 


0.503 


96.36% 




3.999 


99.99% 


0.533 


96.90% 




4.236 


100.00% 


0.565 


97.37% 









From the table, for example, only 20.20% of the number of particles are smaller than 
0. lOOpm, and 68.72% smaller than 0.200jim, 
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CONCLUSIONS 

In this experiment, U-C0-PO4 mixed-phase material were synthesized using methods 
taught in United States Patent #5,538,714 (the "Kamauchi Patent"), and and LiFeP0 4 
material was synthesized using the approachs of the Goodenough research group, Both 
materials were ground using the method in the Kamauchi Patent. After grinding, both 
powders were analyzed for particle size distribution. The results clearly indicated that the 
particles have a broad particle size distribution, 

APPENDIX 

A; US patent 5,538,814 - Lithium Secondary Batteries, Kamauchi et al. 

For reference, the relevant parts of US Patent # 5,538,814 (the Kamauchi patent) are 
highlighted below 

Example 1 

Predetermined amounts of lithium carbonate, basic cobalt carbonate, and 85% phosphoric 
acid aqueous solution were weighed to fulfill an atomic ratio of Li:Co:P=2: 1 :1, 
sufficiently mixed in an alumina crucible* and heated at 900° C in an electric oven for 
twenty- four hours. 

The heated product was identified by X-ray powder diffraction analysis with the use of 
JCPDS cards. The results of the X-ray analysis showed that the product contained 
lithium phosphate, lithium-cobalt phosphate, and cobalt oxide at a molar ratio of 
Li:Co;P=l:0.5:0.5 

Example 10 

The positive electrode active material obtained in Example 1 was further pulverized in a 
ball mill for 24 hours to adjust the average particle size thereof to about 0.5 urn, and the 
BET specific surface area to 5 m 2 /g. 

Twenty lithium batteries were fabricated in the same manner as in Example 1 by using 
this positive electrode. 

Examples 1 L 12 

In the same manner as in Example 1 0 except that the average particle size, and the BET 
specific surface area of the positive electrode active material were changed as shown in 
Table 3 by varying the pulverizing time in a ball mill, 20 lithium batteries were fabricated 
in each Example. 

The lithium batteries of Example 10-12 were charged in the same manner as above, and 
discharge capacity was determined, the results of which are shown in Table 7 wherein the 
figures are average values. 
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Partial Table 7 





Active material average 
particle size (|xm) 


BET specific 
surface area (mVg) 


Example 10 


0.5 


5 


Example 1 1 


5 


1 


Example 12 


0.01 


800 



B. Padhi (1997) article on Phospho-olivines 

The original publication on the use of LiFeP0 4 for lithium secondary batteries is 
"Phospho-olivines as Positive-Electrode Materials for Rechargeable Lithium Batteries'; 
by A. K. Padhi* K. S. Nanjundaswamy, and J. B. Goodenough, 
Journal of The Electrochemical Society, Vol 144, issue 4 ? page 1 188-1 193 (1997). A 
copy of this article is attached. For completeness, the most relevant parts of the article 
are highlighted below. 

Experimental 

UMPO4 (M = Mh, Fe, Co, or Ni) compounds were prepared by direct solid-state reaction 
of stoichiometric amounts of M(II)-acetates > ammonium phosphate, and lithium 
carbonate. LiFeP04 and LiFe t . x Mn x P0 4 (x = 0.25, 0.50, and 0.75) were synthesized in 
inert atmosphere to prevent the formation of Fe 3 * compounds as impurities. The 
intimately ground stoichiometric mixture of the starting materials was first decomposed 
at 300 to 350°C to drive away the gases. The mixture was then reground and returned to 
the furnace at 800°C for 24 h before being cooled slowly to room temperature. 

C Particle Size Analysis by Laser Light Scattering conducted a Micromeritics 

Laser light scattering technique utilizes Mie and Fraunhofer Theories to determine 
particle size distribution from a light scattering pattern. Micromeritics has both the Saturn 
Digisizer 5200 and the Mastersizer 2000 available for this technique. The Mastersizer 
2000 is capable of performing particle size distribution using either the dry dispersion 
module or wet dispersion module. The Saturn Digisizer 5200 is the highest resolution 
instrument available, capable of distinguishing small differences in samples. The particle 
size range is 0.02 to 2000 Jim. 
Available standard tests: 
520 - 00 

Particle size analysis using an aqueous dispersion. A distribution of particle size diameter 
is reported between 0. 1 to 1000 micrometers. The technique requires at least 2 grams of 
dry sample material. 

520 - 01 

Particle size analysis using a non-aqueous dispersion. A distribution of particle size 
diameter is reported between 0.1 to 1000 micrometers. The technique requires at least 2 
grams of dry sample materiaL 
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D. Relationship between volume distribution and number distribution 

The result of particle size analysis is expressed as a distribution, which states what 
percentage of the powder sample is in each size range. If the percentage is based on 
volume of particles, the distribution is a volume distribution. Alternatively, if the 
percentage is based on number of particles, the distribution is a number distribution. The 
relationship between the two distributions is illustrated a very simple example. 
Assuming there are 4 particles with diameter lfim, 3 particles with diameter 2jim, 2 
particles with diameter 3nm, and 1 particle with diameter 4 jam. The volume distribution 
and the number distribution are calculated in the table below, and shown in the figure 
below. 



Particle 
Diameter 


Number 
of 

particles 


%of number of 
particles with that 
diameter 


Vol of 
each 
particle 


Sum of Vol of 
particles with that 
diameter 


%of Vol of 
particles with 
that diameter 


1 


4 


40% 


0.524 


2.09 


3% 


2 


3 


30% 


4.189 


12.57 


16% 


3 


2 


20% 


14.137 


26,27 


37% 


4 


1 


10% 


33.510 


33.51 


44% 


Sum of all 
particles 


10 






76.45 






From the example above, it can be understood that number distribution tends to show 
higher % for smaller particles, and volume distribution tends to show higher % for larger 
particles. Based on an assumption of uniform particle shape, each distribution can be 
converted from one representation to the other. As presented above, the particles were 
assumed to be spherical. 
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Craig R. Home, Ph.D. 

545 Dawn Drive, Sunnyvale. CA 94087 home: (406)733-1 783 

cell: (415)377-6841 e-mail: chome@alun3.berkeley.edu 

Work Experience: 

November 2005 to Present, NanoGram Corporation. San Jose, CA. Director, Electrocliemical Applications 

• Identify new opportunities for applying NanoGrain's NanoPaniclc Manufacturing (NPM™) and Laser 

Reactive Deposition (LRD t m) technology in advanced applications based on electrochemical technology. 
Areas include batteries, fuel cells, sensors, ulfracapacitors. drug delivery, and windows. 

• Provide technical strategy and value proposition lor Corporate Strategy Team's Opportunity Analysis. 

• Technical point-of-contact fbr US, European, and Japanese customers. 

• Manage application developments by leading process development efforts, defining process equipment 

requirements,, and identifying areas for patent coverage. Compose and manage department budget. 
August 2003 to November 2005. Kainos Energy Corporation, San Jose, CA. Founder and Sr. Vice President, 
Engineering 

• Overall accountability for operations, technical assessment, strategic planning, and fund raising to 

commercialize fuel cell components and stacks based on novel, LRD™-based approach to fuel cell 
manufacturing. Lead inventor on LRD™ route to fuel cell manufacturing and enabled novel designs. 

• Lead design of equipment and facilities to perform proof of concept, for LRD™-pT0ecss based Solid Oxide 

Fuel Cell (SOFC) fabrication. 

• Wrote successful Rinding proposal to National Science Foundation for development of SOFC fabrication 

• Established connections with several companies (public and private), national labs, aud materials 

characterization labs to support SOFC development. 
February 2003 to August 2003. Consultant to^NanoGram Corporation. San Jose, CA. 

• Explored new applications of NanoGranVs LRD™ and NPMT 1 * technology. Created value proposition for 

fuel cell and derivative applications. Efforts led to formation of NanoGram subsidiary, Kainos Energy 
Corporation, in Aug. 2003. 
August 1998 to February 2003. NeoPhotonics Comojationanil NanoGram Corporation. San Jose. CA. 

• Participated in efforts to secure more than $60 M in venture capital funding comprising lab tours, technology 

due diligence, and technical presentations to private and corporate investors. 

• Director, Materials & Process Engineering (Aug 2002 - Feb 2003). Managed 19 person organisation 

developing novel processes for advanced planar lightwave circuits. Composed operating budget and 
CapEx plans. 

• Manager, Advanced Materials & Methods Group (Dec 2001 - Aug 2002). Built new department to develop 

novel processes for optical component rnanufecturing, Designed and budgeted S0.5M Advanced 
Materials Development Laboratory. Continued as technical lead for planar amplifier development. 

• Senior Scientist, Optical Components (July 2000 - Dec 200 1 ). Lead inventor for NanoGrara/NeoPhotouics* 

planar ampli fler technology. Provided technical input and assisted in defining NanoGram/NeoPhotonics 
value proposition and business strategy for active optical components. 

• Senior Scientist, Nanoscale Energy Storage & Conversion Components (Aug 1 998 - June 2000). Defined 

technical value proposition for use of nanoscale active materials in lithium ion batteries. Developed 
company-wide capabilities for nanoscale material processing and analysis. Led several projects' 
developing nanoscale active materials for lithium ion battery applications. Interfaced with US, 
European, and Japanese customers. Authored several development proposals. 

• Technical founder, NanoGram Devices Corporation (NDC). Lead inventor of process fbr manufacturing 

nanoscale active material for implantable lithium batteries that formed basis of NDC value proposition. 

• Organized & coordinated NanoGranVs and NeoPhotonjcs' summer intern programs using university 

connections. Program yielded four permanent hires to engineering staff. 

August 1993 to August! 99$. Ernest Orlando Lawrence Berkeley National Laboratory. Berkeley. CA_ Graduate 
Student Research Assistant Environmental Energy Technologies Division. 

• First to correlate degree of covalency with Mn substitution ru lithium manganese spinels to explain obscivcd 

property and performance differences. 

• Conceptualized, designed, & irr^lcmented new project on X-ray and NMR Spectroscopic analysis of lithium 

rechargeable battery materials in collaboration with two other academic groups. 

• Project included synthesis & characterisation of metal-substitut ed lithium manganese oxides, electrode 

design, battery cell fabrication & testing. 

• Authored over 10 successful proposals for experimental lime at US Department of Energy synchrotrons. 
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Craig R. Borne - CV 

• Coordinated & performed X-ray experimentation at synchrotron facilities housed at three DOE National 

Laboratories: Stanford Synchrotron Radiation Laboratory (Stanford Linear Accelerator Center, Palo 
Alto, CA), National Synchrotron Light Source (Brookhavcn National Lab, Upton, NY) f <& Advanced 
Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA). 

May 1988 to July 1993. AlliodSignal Aerospace Systems & Equipment (now GE Power Systems^ . Torrance, CA. 

Engineer- Fuel Cell Engineering Group. 

• Primary assignment as member of Solid Oxide Fuel Cell devdopmcnl team. Additional assignments 

included high-T c superconductor & whisker-reinforced ceramic composites product, development team. 

• Co-inventor with N.Q. Mini) of thin-film tape calendaring process and stack construction method currently 

used in GE's SOFC program. 

• Responsible for powder preparation, batching, fabrication operations, & single-cell testing for customer- 

supported Solid Oxide Fuel Cell (SOFC) programs. 

• Designed & implemented first process database and quality-control systems for tape-calendar based SOFC 

component fabrication. Participated in Total Quality Management teams that lowered SOFC component 
development cycle time by 33%. 

• Participated in customer & technical presentations as well as proposal & report writing teams. 

• Obtained M.S. at UCLA part-time while working full-time. 

Education: 

Ph£>. in Materials Science & Mineral Engineering; University of California, Berkeley. December 2000. 
Thesis Advisor: Elton Cairns; Professor, Department of Chemical Engineering 
Dissertation Title; Processing - Structure - Property - Performance Investigations of 

Lithium Mangancsc-Bascd Oxides for Li Rechargeable Batteries. 
Minors: Chemical Engineering, Energy and Resources (ERG) 

M.S. in Materials Science & Engineering; University of California, Los Angeles, December 1 993. 

B.S. (with High Honors) in Materials Science & Engineering; University of Florida, Gainesville. May 1988. 

Honors and Awards: 

Summer 1997 Department of Energy/Blectrocbemical Society Siuruncr Fellow 
Fall 1 997 U.C. Berkeley University Fellow 

Co-winner, Graduate Student Poster Contest* 24* Annual Stanford Synchrotron Radiation Laboratory Users 
Meeting 

1 998 Daniel Cubicciotri Student Award from The San Francisco Section of The Electrochemical Society 
Salutatorian, Department of Materials Science & Engineering, University of Florida, Class of Spring 1 988 
Honor Societies: Alpha Sigma_Mu - President 1 987 to 1 988; Tau Beta Pi: Keramos : Florida Blue Key 
Deans Lists: College of Liberal Arts & Sciences, U. Florida College of Engineering (4 times): Nat ional Deans List 

Professional and Other Activities: 

Electrochemical Society, San Francisco Section - Chair 2005 to 2006. 2000 to 200L Vice Chair 2004 to 2005* 

1999 to 2000, Recording Secretary 1 998 to 1999 
Electrochemical Society - Individual Membership Committee 2005 to 2007 
California Hydrogen Highway - Rollout Strategy Topic Team, Production and Delivery Subgroup 
Silicon Valley Energy & Transportation Interest Group 

Refereed over 1 5 papers for Journal of the Electrochemical Society and Electrochemical Solid State Letters 

U Florida Lacrosse Club (1 984 to 1 988): President & Captain 1 987 to 1 988, Treasurer i 986 to 1 987. 

U. Florida Homecoming, University Services Division: Director 1987 to 1988, Asst Director 1986 to 1987. 

Patent List: 

U.S* Patents Awarded 

1. Patent #6.952,504 - X.X. Bi, B. A. Nevis, RJ, Mos$0, MJEL Chapin, S. Chiruvolu, S_H. Khan, S. Kumar, H.A. 

Lopez* Huy, N.T.T.* C JL Home, M. A, Bryan, and E.H. Euvrard» Three Dimensional 
Engineering of Planar Optical Structures. 

2. Patent #6,849*334 - C.R Home, P.J. DeMascarcl, C.C. Honeker, B. Chaloner-Gill. Hj\. Lopez. X X Bi, RJ. 

Mosso, W.E. McGovern, LT. Gardner, S- Kumar, J.A. Gilliam, V. Priam, E.H. Euvrard, S. 
Chiruvolu, and J. Jur, Optical Materials and Optical Devices. 

3. Patent #6.749,648 - S. Kumar, C.R. Home. Lithium Metal Oxides. 

4. Patent #6,732,435 - CJL Home. J. Jux, RJ. Mosso, E.H. Euvrard; and X^C. Bi, Optical Fiber Preforms. 

5. Patent #6,482,374 - S. Kumar, HX>. Reitz, CJK. Home, J.T. Gardner, RJ. Mosso. and X JC Bi, Methods for 

Producing Lithium Metal Oxide Particles. 
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Craig R. Home - CV 

6. Patent #6,225,007 - C.R. Home, S. Kumar, IP. Buckley, and X.X. Bi, Maml Vanadium Oxide Particles. 

7. Patent #6,136,287 - C.R. Home, S. Kumar, H.D, Reitz, J. T. Gardner, and X.X. Bi, Lithium Manganese Oxides 

and Batteries, 

8. Patent #5,368,667 - J.V, Guiheen, C.R. Home, and N.Q. Minh, Preparation of Devices That Include a Thin 

Ceramic Layer. ., 

9. Patent #5,290,642 - C.R. Home and N.Q. Minh. Method of Fabricating a Monolithic Solid Oxide Fuel Cell 

10. Patent #5,t 62*167 - C.R. Home and N.Q. Minh, Apparatus and Method of Fabricating a Monolithic Solid 

Oxide Fuel Cell. 

Twelve U.S. and numerous PCT potent applications in fuel cell fabrication and design., nanoscale materials 
processing, nanoscale battery materials, nanoscale battery components, photovoltaic cell fabrication, combinatorial 
discovery, and nanoscale optical materials & structures. 

Journal Papers, Oral Presentations, Conference Proceedings, and Poster Presentations: 

Journal Papers 

1 . C.R. Home, U. Bergmann, M.M, Grush, R.C.C- Perera, D.L. Ederer. T.A. Callcott, E.J. Cairns., and S.P. 
Cramer, "Electronic Structure of Chemically-Prepared Li x Mn a 04 Determined By Mn X-ray Absorption and 
Emission Spectroscopies", Journal of PJrysical Chemistry B, 104(2000)9587-9596. 

2. C JR.. Home, U. Bergmanm J. Kim, K.A. Striebel, A. Mantmrarn, SP. Cramer, and EJ. Cairns, "Structural 
Investigations of Liu^NaasMnOa.RsTo.u Electrodes by Mn X-Ray Absorption Near Edge Spectroscopy", 
Journal of The Electrochemical Society. 147(2000)395-398. 

3. MM. Grush, C.R. Home, RC.C. Percra, D.L. Ederer, S.P. Cramer, E.J. Cairns, and T.A. Callcott, Xorrelating 
Electronic Structure with Cycling Performance of Substituted LiMn 2 04 Electrode Materials: A Study Using the 
Techniques of Soft X-ray Absorption and Emission". Chemistry of Materials. 12(2000)659-664. 

4. B. Gee, C.R Home. EJ. Cairns, and J.A. Reimer, "Supertransferred Hyperfine Fields at 7 Li : Variable 
Temperature 7 LJ NMR Studies of LiMn^-Based Spinels". Jomytal of Physical Chemistry 7?, t02(l 998)1 01 42- 
10149. 

5. U. Bergmann, C.R. Home, T.J. Collins, J.M. Workman, and S.P. Cramer, '^Chemical Dependence of 
Interatomic X-ray Transition Energies and Intensities - a Study of Mn K(3" and K3ls Spectra", Chemical 
Physics Utters, 302(1 999)1 1 9-124. 

6. K.S. StriebeK A. Rougjer. C.R. Home, ILP. Reade, and E.I Caims, "Electrochemical Studies of Substituted 
Spinel Thin Films", Journal of The Electrochemical Society, 146(1999)4339-4347, 

7. U. Bergmann, M.M Grush, C.R. Home P. DcMarois, J.E. Fenner-Hahn. C.F. Yocum. D.W. Wright. C.B. 
Dube\ W.H. Armstrong, G, Cbristou, H,J, Eppley, and S P. Cramer, "Characterization of the Mn Oxidation 
States in Photosystem II by Kp X-ray Fluorescence Spectroscopy" Journal of Physical Chemistry B, 
102(1998)8350-8352. 

8. S.P. Cramer, H-X. Wang, C. Bryant, M. Lcgros, C.R. Home, D. Pan% C; Ralston, and X. Wang, "Soft-Xray 
Absorption Spectroscopy - Applications to Bioinocganic Chemistry**, ACS Series. 692(1 998)154-178. 

Oral Presentations 

1 . U.C. Berkeley NanoConfcrcnce, Panel on Energy & Nano. Berkeley, CA. April 1 5, 2006. (Invited Panelist) 

2. MIT Club of Northern California's Renewable Energy and Clean Technology Program, P^neLojijy.ejL&Jan.es5. 
MQ<lfil.9.J^.^fflfddfiJ6&^* Palo Alto, C A. Nov. 3, 2005. (Invited Panelist) 

3. C.R. Home, A. Jaiswal, A, Vu, J. Zhang, l, Acoste, R.B. Lynch, J.R. Mentz, W.E, McGovem, and R.J. Mosso, 
"A Disruptive Laser-Based Process for Low Cost SOFC Manufacturing" at the 2005 Fuel Cell Seminar. 
Palm Springs, CA. Nov. 14-tB, 2005. 

4. C.R. Home, "Solid Oxide Fuel Cells" at the MTT- Stanford-Berkeley Nanotecbnology Forum's Al,t«ma,te„ 
Sft£ftjXJD&^^ Palo Alto, C A. July 12. 2005. (Invited) 

5. S. Mardini* and C.R. Home, "Kainos Energy" at the CleanTech Venture Forum VL San Francisco, CA. 
Mar. 22-23, 2005. 

6. C.R- Home, P. de Mascarel, R. Blume, J. Jur, C- Cohen-Jonathan, M, Chepin, J. Posner, W.C. Poo, C. Honeker, 
Q. Zou, S. Chiruvolu, R. Mosso. and w. McGovem, u Higb-Rate Deposition Of Rare-Earth Doped Silicate 
Nanoparticles For Porous & Dense Optical Films" at the 2005 Spring Meeting of The Materials Research 
Society. San Francisco. C A. Mar. 28- Apr. 1, 2005. 

7. C JR. Home, "Kainos Energy" at the Nano Science Exchange's Event on Energy Technolo gies to Reduce, 
E^ISAfflj^.(ffi.EOrfiign.Qil. Menlo Park, C A, October 1 1 2004. (Invited) 

8. C JL Hornc, "Nano-Enablcd Fuci Cells" at the NanoSIG Clean Energy and Nano Catalyst Conference. 
Menlo Park, CA. Aug. 20, 2004. 

9. C. R. Home, "Overview of Lithium Rechargeable Battery Technology & Nanomaterial Applications*' 
at Semi-Therrn20. San Jose. CA. Mar. 9-11,2004. (Invited. Luncheon Plenary) 
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10. C.R Home, P. de Mascarel, R. Btumc, S. Chiruvolu, M, Chapin, J. Jur„ W.McGovern, R. Mosso, "High-Rate 
Deposition of Compositionally Complex Nanoparticlcs for Porous and Dense Films; n. Capabilities" 
at the 55 th Pacific Coast Regional Sc. Basic Science Division Fall Meeting of the American Ceramic Society. 
Oakland, CA. Oct 19-22, 2003. 

IK C. R Home, S. Kumar, B. Cba loner-Gill, D. Ghantous, J. Gardner, R. Mosso, N. Karnbe, "Processing - 
Structure -Property - Performance Investigations of Nanocrystalline Materials for Lithium Rechargeable 
Batteries" at the 55 th Pacific Coast Regional & Basic Science Division Fall Meeting of the American Ceramic 
Society, Oakland, C A. Oct 19-22,2003. (Invited) 

1 2. C -R. Home, "Careers in. Glass - Integrated Photonic Circuits" at the 2002 Glass & Optical Materials Division 
Meeting of the American Ceramic Society. Pittsburgh, PA. Oct. 13-16, 2002. (Invited) 

13. C.R. Home, ' t Nanocrystalline Lithium Transition-Metal Oxides for Lithium Rechargeable Batteries" at the 
198 th Meeting of The Electrochemical Society. Phoenix, AZ. Oct. 22-27, 2000. 

14. C.R. Home, U, Bergmann, MM. Grush, J. Kim, A, Manthiram, S.P. Cramer. K.A. Striebel, and EJ. Cairns, 
"Structural Studies of Lithium Insertion in Lithium Manganese Oxides" al the 196 th Meeting of The 
Electrochemical Society. Honolulu, HI. Oct 17-22, 1999. 

15. C.R Home, T.J. Richardson, B. Gee, M. Tucker, M.M. Grush, U- Bergmann, K-A. Striebel, S.P. Cramer, IA. 
Reimer, and EJ. Caims, w Composition-Stnichire-Prc^c^ Relationship in Mn-substituted 
LiMn^O/* at the 1 96* Meeting of The Elcctrocheraical Society, Honolulu, HI. Oct. 17-22, 1 999. 

16. C.R. Home, K-A. Striebel., E.J. Cairns, M.M. Grush, U Bergmann, and S.P. Cramer, , "Atomic & Electronic 
Structural Consequences of Mn-Siibstilution in LiMria.yMeyOa by X-ray Absorption and FTER. Spectroscopies" 
at the 1997 Fall Meeting of the Materials Research Society. Boston, MA, Dec. 1 -5, 1 997. 

17. C.R. Home, EJ, Calms, U. Bergmann, SJ\ Cramer, M.M. Grush, and B.XR. Weiss, "X-ray Spectroscopic 
Investigations of the Atomic & Electronic Structure of L^MnjO, for Li Rechargeable Batteries* 1 at ihe 1 997 
Fall Meeting of the Materials Research. Society, Boston, MA. Dec. 1-5,1997. 

18. C.R Home, N.Q.Minb, A. Amiro, T.R. Armstrong, J.R Esopa, J.V. Guiheen, and JJ.Van Ackercn, •'Monolithic 
Solid 0?ddc Fuel Cell Development: Recent Technical Progress," at the 1992 Fuel Cell Seminar. Tucson, AZ. 
Nov.29-Dcc. 2, 1992. 

Conference Proceedings Papers 

1 . C-R Home, E. Ooi, RB. Lynch, J.R. Mentz, W,E. McGovem, and RJ. Mosso. 'Innovative, I^ser-Based 
Process for Development and Manufacturing of SOrCs", in Solid Oxide Fuel Cells IX . S.C. Singbal and J. 
Mizusaki. eds. Quebec City, Canada, Spring 2005. The Electrochemical Society. FV 2005-07. pp. 466-75 

2. C.R. Home, P. de Mascarel, R. Blume, J, Jur, C, Coheu-Jonathan, M. Chapin, I Posncr, W.C. Foo, C. Koneker, 
Q. Zhu, S. Chiruvolu, R. Mosso, and W. McGovem, "High-Rate Deposition Of Rare-Earth Doped Silicate 
NanoparticJes For Porous & Dense Optical Films", in RateJ&ghJPoping for Optoelectronic Applications . T. 
GregorkiewicA Y. Fujiwara, M. Lipson, and J.M. Zavada, eds. San Francisco, Spring 2005. Mater. Res. Sac 
Symp. Proc. 866, Paper V2.7 (2005). 

3. XA. Bi, S. Kumar, C. Home, B. Chaloncr-Gill and R. Mosso, Synthesis of Nanoscale Optical Materials 
Using Nano Particle Manu&cturing (NPM™) Technology", in Optoelectronics, Materials, and Devices for 
Communications. T P. Lee and Q. Wang, eds, Proc. SPIE 4580, pp. 103-1 1 1 (2001). 

4. C.R. Home, u NanocrysUiUine Lithium Transition-Metal Oxides for Lithium Rechargeable Batteries" in 
Rechargeable Lithium Batteries, K.M. Abraham, E.S. Takeuchi, and M. Doyle, eds. Phoenix, Arizona, Fall 
2000, The Electrochemical Society. PV 2000-21 . pp. 1 -7. 

5. C.R. Home, U. Bergrnann, M.M. Grush, J. Kirn, A. Manthiram, S.P. Cramer, K A Striebel, and E.J. Cairns, 
"Structural Studies of Lithium Insertion in Li thrum Manganese Oxides", in Intercalation Compounds for 
Battery Materials, Q. A. Nazri, T. Ohzuku, and M, Thackeray, eds. Honolulu, Hawaii, Fall 1999. The 
Hectrodiemical Society. PV 99-24, pp. 41 -47, 

6. C.R. Home, T J. Richardson, B. Gcc, M. Tucker, MM. Grush, U. Bergmann, K.A. Striebel, S.P. Cramer, IA. 
Reimer, and EJ. Cairns, ''Compositioa-StructuTe-Propeity-PCTforrjaancc Relationship in Mn-substituted 
LiMn^O*". in Intercalation Compounds for Battery Materials , G. A Nazri, X. Ohzuku, and M, Thackeray, eds. 
Honolulu, Hawaii, Fall 1 999. The Electrochemical Society. PV 99-24, pp. 112-120. 

7. K.A. Striebel, A, Rougier, C.R Home, RJ» Readc and E.J. Caims, Characterization Of Pulsed Laser 
Deposited LiMn^yMeyO^ (Mc = Co. Ni) Thin Films For Rechargeable Lithium Batteries" in Lithium Batte ries, 
S. Surampudi and R. A. Marsh, eds. Boston, MA, Fall 1998, The Electrochemical Society. PV 98-16, pp. 
263-270. 

8. E.J. Cairns, C JL Home, B.J. Weiss, MM Crush, and SP. Cramer, "X-Ray Absorption Spectroscopic 
Investigations of IixMn204", to Proceedings of the 2nd International Symposium on New Materials for Fuel 
Cells and Modern Battery Systems, Montreal, Canada, July 6-10, 1997. Savadago, O. and Roherge, P.R, eds., 
Ecole Polytcchniquc dc Momr6aJ. 1 997. pp, 336-347. 

9. N.QMinh and C-R. Home, "A Novel Method for Fabricating Thin-Film Ionic & Mixed Conductors* 1 in 
froceedinfl s q fthe 1 4th RISO International Symposium on Materiajs^Scj ejjc^ijg gb Temperature 
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Eltsctrocbemical Behavior of Fast Ion & Mixed Conductors , F.W. Poulscn* J.J. Bentzen, T. Jacobsca E. Shau, 

and M.J.L. Ostergard, eds. 1993, p. 520. 
10, N.Q.Minh t T.R. Armstrong, JJL Esopa, J.V, Guiheen, C.R Home, and J.J.Van Ackcren, 'Tape-Calendered 

Monolithic & Flat Plate Solid Oxide Fuel Cells/ in Proceedings of the Third Iirternational Symposium on Solid 

Oxide Fuel <^)s. S.C. Singhal, ed., The Electrochemical Society* Pennington, NJ, 1993, p. 801 . 
U. N.Q.Minh, A. Amiro, T,R, Armstrong, J.R. Esopa, J.V. Guihecn, C.R Home, and J J. Van Ackcren, "Monolithic 

Solid Oxide Fuel Cell Development: Recent Technical Progress," in 19,92 Fuel Cell Seminar Proceedings* 

Tucson, AZ, 1992, p. 524. 

12. N.Q.Minh, T,R Armstrong, J.R. Esqpa, J.V. Guihecn, C.R Home, F. Uu, T.L. Stillwagon, and J.J.Van 
Ackeren, "Fabrication Methodologies far Monolithic Solid Oxide Fuel Cells," in proceedings of the Secon d 
Internation al Svnroosium on Solid Oxide Fuet Cells . F. Gross, P. Zegers, S.C. Singhal, and O. Yamamoto, eds.. 
Commission of the European Communities. Brussels, 1 991 * p, 93. 

13. N.Q.Minh, J.V, Guiheen. C.R Home, F. Liu, D.M MofYatt, T.L. StiUwagon, and J.J.Van Ackeren, "Monolithic 
Solid Oxide Fuel Cell Technological Status," in 1 990 Fuel Cell Seminar Proceedings. Phoenix. A& 

1990, p. 524, 

14. N.Q.Minh, C-R Home, F, Liu, D.M. Moffatt, P, Staszak, TX. Stillwagon, and J.J.Van Ackeren, "Fabrication 
and Characterization of Monolithic Solid Oxide Fuel Cells," in Poice_edmgs of the 25th IECEC . Reno, NV. 
1990, p. 230. 

15. N.Q.Minh, C.R Home, F. liu, P. Staszak, TX. Stillwagon, and J.J.Van Ackeren, forming and Processing of 
Monolithic Solid Oxide Fuel Cells/ in Proceedings of the First International Symposium on Solid Oxide fuel 
Cells. S.C. Singhal, ed„ The Electrochemical Society, Pennington, NJ, 1 989, p. 307. 

Poster Presentations 

L C.R. Home, A. JaiswaL A. Vu, J.W. Zhang, L. Acosta, R.E. Lynch, J.R. Mentz, W.K McOovern, and R.J. 
Mosso, innovative, Laser-Based Process For Development And Manufacturing Of Solid Oxide Fuel Cells" at 
SOFC-IX. Quebec City, Canada. May 16-20, 2005. 

2. C.R. Home, E. Oai, R,E. Lynch, .TJS.. Mentz, W.E. McGovcm, and RJ. Mosso, "A Disruptive Laser-Based 
Process for low Cost Development and Manufacturing of High Performance SOFCs", at 2004 Fuel Cell 
Seminar. San Antonio, TX. Nov, 1-5,2004, 

3. CR. Home, S. Kumar, B. Chaloncr-Gilh D. Ghantous, Y. Fortunak, J. Gardner, S. Chiruvolu, K. Hoang, A. 
Pinoli, J. Xie, H. Reitz, J. Buckley, R. Mosso, XJi. Bi, and N. Kambe, "Nanocrystallinc Lithium Transition- 
Metal Oxides for Lithium Rechargeable Batteries via NPM™ Processing" at the NanoStC™ nanoMatcrials & 
Marmracturing ForuJn™. Menlo Park, CA. Apr. 24,2003. 

4. C Jt Home, P. de Mascarel, R. Blume, C, Cohen- Jonathan, J. Jur, W.C. Foo, C. Honeker, M. Chapin. I Posncr, 
S. Chiruvolu, B. McGovem, Q. Zhu,, R. Mosso, and N. Kambe, 'taser Reactive Deposition (LRD™) 
Processing of Active Glass Films for Planar Waveguide Amplifiers from NanoParticulate-based Coatings" at 
meNanoSIG^nanoMaterials&ManufecturingFonimTw. Menlo Park, CA. Apr. 24,2003, 

5. C.R. Home, T.J. Richardson, B. Gee, M. Tucker, M.M. Grush, U. Bergmann, K.A. Stricbel, EJ. Cairns, and 
S.P. Cramer, "Soft X-ray Spectroscopic Studies of Mn-substituted L1M113O4', 1998 Advanced Light Source 
(ALS) Users Meeting. Berkeley, CA. Apr. 1998, 

6. C .R. Home, IT. Bergmann, M.M. Grush, KA. Striebel, E.J. Cairns, and S.P. Cramer, "X-ray Spectroscopic 
Studies of lithium Insertion in Ltlhium Manganese Oxides" at the 24* Annual Stanford Synchrotron Radiation 
laboratory (SSRL) Users Meeting. Oct. 1997. 
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ON K« CHANG, PhJX 



SUMMARY OF QUALIFICATIONS 

Senior Scientist with 1 8 years of experience in battery related development, process and product cngin eering. 

Fands on expertise in chemical, mechanical and electronic technical areas. Strong background in analytical chemistry,- 

battery technology and application of statistical methods. 



PROFESSIONAL EXPERIENCE 

NanoGram Corp. San Jose, CA (Technology: nano-partirfes lyy laser pyrolysis) 

Consultant 1/2006 - present 

* Conducted grinding experiments to support a patent application 

♦ Conducted high temperature, solid-state material synthesis. 

• Conducted material characterization, 

♦ Developed .software for data processing 



Greatbatch, Inc„ Fremont, CA (Technology: batter, capacitor materials by laser pyrolysis, thermal reactions) 
Senior Scientist 1/2004 - 1 2/2005 

m Worked on Sitver Vanadium Oxide, Barium Titanium Oxide, and Tantalum powder development programs 

• Led overall developments in post-process using laser-pyrolyjsed nanopowdcrs in SVO, BTO and Ta i>rojects, 
« Improved SVO reactors resulting in' lOx better temperature control. 

• Designed, fabricated improved tooling for SVO process resulting in better ergonomics and efficiency. 

• Maintained SVO production database and developed software for data acquisition, resulting in 75% labor saving. 

• Developed software for processing of SVO celt test data, resulting in 90% labor saving. 

• Led development of nano-BTO thermal process (grinding, healing), acquired equipment. Fulfilled first 
deliverable in 3 months, below budget. 

• Led development of Ta thermal process (reduction of oxide, sintering), acquired equipment Fulfilled first 
deliverable in 6 months. 



Semitec Corporation, Santa Clara, CA (Technology: Dicing blades for singulation of semiconductor dies on viafer) 
Process Engineer 2/2002 - 1/2004 

• Worked on dicing blades for semiconductor packaging. 

* Designed and built low-cost machines for production (centrifuge, burnishing machine). Machines still in used. 

• Maintained drawing files for most production tooling and parts. Support other engineers. 

• Automated and improved process documentation by using Visual Basic for Excel. 

* Resolved production problems in plating, chemical etching, electro-polishing, metrology to ensure efficiency. 

♦ Conducted PM, repair on machine vision systems, interferometers, laser profilers and laser markers, 

* Developed new product ''beveled wheel", acquired grinding machines and developed process. 

* Streamlined and improved process flow for new product ll BGA Wade". Wrote work instructions and designed 
travel sheets. 



PohyStor Corporation, Livermore, CA (Technology: Lithium ion batteries v&th lithium nickel cobalt oxide cathode) 
Scientist & Program Manager 4/1998 - 12/2001 

• Worked on Li ion LrNijCOyOj rechargeable cells with rigid and flexible package. 

• Developed electrode coating slurry formulation and process (slurry mixing, homogenizing). 

• Developed electrolyte formulation (carbonate ester solvents, S0 2 » other additives) 

• Developed, validated material characterization methods (CO3, OH, NiOOH, other impurities in LfNi x Coy0 2 , 
solvent and additive in coating, water in every component, particle size of powders. Side specific loading of 
polymer on separator. Pinholes in packing foils, gas in polymer ceils). 

• Uncovered previously unknown processing problems (bubbles in coating slurry, poor vacuum in drying, water 
pick-up in storage etc.). Developed monitoring methods. 

• Product failure analysis and failure mechanism elucidation (sources of impedance, imbalance). 

• Statistical analysis of production & experimental data, trouble shooting. Automated product sorting method 

• Study effect* of electrode additives. Elucidate mechanism of additive effects on over-charge protection. 

• Managed a $2M NT ST ATP contract for 4 months, coordinated subcontractors, wrote reports to government 

1 
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* rSr tCd ^ c i ual V t y improvcmeDl activities, developed product specs (OCV, impedance cycle life, fade rate) 
and incoming material specs (impurities etc), negotiated with vendors. 
Next Centwy Power, Scotts Valley CA (Technology: Nickel zinc batteries irtft improved electrolyte) 

Research Scientist 1/1995-4/1998 
Worked on Ni-Zn rechargeable cells. 

Characterized cell performance (cycle, gassing behavior). Quantified H 2 & 0 2 generation separately 
Dispelled misconception in related technologies (forms of borate in electrolyte) 
Developed electrode (ZuO & Ni(OH) 2 based) and electrolyte (KOH based) formulation. 
Developed chemical analysis methods (carbonate in ZnO), 

Developed processes (carbonate removal in anode, pasting for both electrodes, preformation for cathode). 
Studied anti-gassing additives (cathionjc surfactants). 

Elucidated cell Mure mechanisms (area vs. point short due to ZnO ppt, additive deterioration etc.). 
Worked on various negative dectrode grid treatment (cleaning, Pb plating). 
Worked on H 2 recombination in Ni-Zn cell using fuel cell electrode. 
Designed, built low-cost power suppliers, electronic loads, cyclers for cell testing. 
Supervised temporary employees on pilot-Hne cell builds. 

Valence Technology, San Jose, CA (Technology: Lithium batteries yvith electron beam polymerized solid electrolyte) 
Scientist 10/1990- 1/1995 

Awarded 16 patents related to battery technology, material characterization. 
Worked on Ii-V 0 Oi 3 polymer electrolyte rechargeable cells. 
Developed electrode formulation (types and % or carbon, active material). 

Developed material characterization method (polymer precursors in electrolyte by HPLC, IR; Lewis acid in 
electrolyte by a patent method, dry box atmosphere by UV, conductivity of paste etc). 
Routine and non-routine evaluation of product performance (e.g., shape change, gassing during cycling). 
Developed non-destructive method to quantify gas inside cell package, and automatic method of sorting cells. 
Worked on cathode active material (V 6 0i 3f LiV 3 0 B ) synthesis by solid state, sol-gel methods. 
Product failure analysis and failure mechanism elucidation (effect of charge and discharge current, temp, 
electrolyte cone, on Li dendrite. Surface energy induced Li dendrite growth). 

* Mathematical, modeling for predicting product performance based on process variables (electron beam 
polymerizing process, beam dosage, line speed, electrode density, thickness, etc.). 

A If us Corporation, San Jose. CA (Technology: Lithium thionyl chloride, sulfur dioxide, copper chloride batteries) 
Scientist 2/1986-4/1990 
Awarded 4 patents related to battery technology. 

Worked on Li-SOCU primary, Li-S0 2 primary ami Li-CuCl 2 rechargeable cells. 

Studied physical-chemical properties of electrolyte (vapor pressure, conductivity, solubility etc,). Developed 
tooling for above. 

Developed electrolyte formulation (SOz, C1& S0 2 C1 2 , anti-passivation, additives in SOCl 2 ). 
Developed electrolyte drying method (converting -OH, purging) resulting in <20ppm water in electrolyte. 
Conducted routine chemical analysis; significantly improved routine AA method. 
Conduct competitor product analysis (cell tear-down, material characterization etc) 
Supervised pilot plant operation to produce 200 Iher electrolyte per day. 

EDUCATION 

Ph.D^ Physical Chemistry, 1985, University of California, Davis, CA 
B.S^ Agricultural Chemistry, 1976, National Taiwan University, Taiwan 

SPECIALIZED SKILLS 

• Battery technology in general, formulation, processing, testing techniques, 

♦ Electrochemistry: various potcntk>tn^ric, galvanometric, AC impedance techniques. 

• Analytical chemistry and powder characterization; Chromatography, Spectroscopy, Wet chemistry, Particle size 
analysis, Surface area analysis, DSC, TGA 

• Physical chemistry: chemical thermodynamics, kinetics, 

* Statistics: experimental design & analysis, inference, optimization, mathematical modeling. 
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• Chemistry in general: organic, inorganic. 

• Mechanical design with Solid Works, shop operation; Electronic design: analog circuits. 

• Computer programming skills: Visual Basic for Excel, esp. for data processing, statistics. 

PATEOTS/PUBLICATIONS/PROFESSIONAL ASSOCIATIONS 

20 issued patents; 9 publications; numerous corporate & govern mem reports 
Member of the Electrochemical Society and the American Chemical Society 

PERSONAL 

US citizen since 1992. 

PATENTS 

(1) 4,844,993; Additive to improve voltage regulation in Li-CuCl 2 cell 

(2) 4,863,81 5; CdJ design for spirally wound rechargeable Li metal cell 

(3) 4,873,158; Overdischarge protection for rechargeable cells 

(4) 4,892,796; Positive current collector for lithium secondary cells 

(5) 4,902,588; Additive to improve voltage regulation in Li-CuCl 2 cells 

(6) 5,290,702; Method of mapping organic solvent on a surface 

(7) 5,290,704; Method of detecting organic solvent vapor 

(8) 5,304,436; Method for drying a non-aqueous liquid electrolyte 

(9) 5,326,653; Battery unit with reinforced current collector tabs 

(10) 5,354,631; Enhanced lithiiun surface 

(11) 5,357,786; Device for daennining mechanical properties of material 

(12) 5,390,230; Controlled atmosphere sample holder for x-ray diffraction 

(13) 5,426,055; Method to detect decomposition products in Li salt non-aqueous electrolyte 

(14) 5,43 8,249; State of charge indication by measuring cell thickness 

( } 5) 5,442,298; Method for measuring resisti vity of geometrically undefined material 

(16) 5,453,261; Method of synthesizing high surface area vanadium oxide 

( 1 7) 5,469, 069; Method for measuring resistivity of geometrically undefined material 

(18) 5,520,903; Method of making lithium metal oxide cathode active material 

( 1 9) 5,542, 1 63 ; Electrically conducting adh esion promoter 

(20) 5,545,496; Method of synthesizing filament-like vanadium oxide for rechargeable cell 
PUBLICATIONS 

(1) C. Cccilto, O. Chang, J. Hall, C. Holloter, J. Morimoto, J. Phillips, and L, Silvester; Performance characteristics of 
inorganic electrolyte rechargeable cdJ. Proceedings of the 4th international seminar on lithium batteries. Decrfield 
Beach, FL; Mar. 1989,. 

(2) O. Chang, J. Hall, J. Phillips and L. Silvester; Rechargeable lithium cells with inorganic electrolyte. Proceedings 
of 33rd tnternationa power sources symposium, Electrochemical Society; Cherry Hill, NJ; June 1988,.,. 

(3) O. Chang and P. rock; Determination of equilibrium constant and AS° for the reaction OD" + HS* -* OH" + DS* 
J. Phys. Chem. 22, 341 1 (1988). 

(4) J. Keizer and O. Chang The nan-cquilibrfura electromotive force, measurement in a continuously stirred tank 
reactor. J. Chem. Phys. 87, 4064 (1987). 

(5) S, Yee and O. Chang; A simple junction for reference electrodes. J. Chem. Educ 65, 129 (1988). 

(6) O. Chang; Estimating the equilibrium voltage of an ion -selective electrode, J. Chem, Educ 64» 91 (1987). 

(7) O. Chang; Why does concentrated Hydrochloric acid fume. J. Chem. Educ 62, 385 (1985). 

(8) O. Chang Calculation of the reversibility factor for an irreversible adiabatic process of an ideal gas. J. Chem 
Edua £2, 108 (1985). * 

(9) O.Chang; Kinetic models for adiabatic reversible expansion of a monatomic ideal gas. J. Chem. Educ g>, 647 
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Polymerization 
Anodfc. Process 



Depolym^ri TJition 
Cazhodic Process 



5, Proposed ttrocturd chonge of DMcT in PVP film during tfie 



the drawbacks previously mentioned for DMoT electrode* 
have been overcome- by using JPMcT/FV? composite films. 
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Phospho-olh/ines as Positive-Electrode Materials for 
Rechargeable Lithium Batteries 

A. K. Podh>, # K. 5, Ncmjimdaswamy/' and L IL Goodenough 

Center for Materials Science and Engineering, The University of Tex** at Austin, Atttfin, Texas 78712-1063, USA 

ABSTRACT 

Reversible extraction of hthium from LlF*K\ (tripbylite) and insertion of lithium into FePO.at 3.5Vw. Vfotom ; at 
0.09^W ^oTs this material to be an epcceUenVcaMdatelor ^ca^ode °**^#^™^ b £ ^5/f£ 
tery that la inexpensive, nontoxic, and errvironmentaJly bexngn. ?^°S^ A a i^^^^^^i^ % U?hn^ wis 
mSa unit; buteven with this restriction the specie capacity 100 to U0 mAltfg. Complete ^^^J^w 
performed chemically; it gave a new phase, FcPO<> ipostructural with hetcrojite^^ Mn^FO^c ^O.^ramtrw^ crf 
^oro^ divine LiFeP^ Is retained with minor displacrve ad Ufltoients. Nevertheress the jns^on^rteetiaD wtf ty 
pro3^a e two-phase procejis, and a reversible loss ^ capacity with *c^ 
ateT^^ a din^b^un&ed transfer ot lithium across the Wphase r ip±erfa<*.; e J^^f le ^^ 
from taitrlchnl Ul&O* (M - Mrt, Co, or Ni) with an UpO< electa ^ n ^^^U b ^^^ f^0 4 The 
itblum from LiFe,.^Mn^O* was accomplished wit* maximum oration of the Hn' /Mn a ^f^^S^t* %P^u^ e 
Fe* W^ci^wa^dized iirat at 3.5 V followed by oxidation of the ItaW couple i at 4.1 V«s. nWu^TfoeYe?- 
interactions appeVto destabilize the Mn»* level and stabilize the Fe~ level so as to make ttoettn 3 /Mn* energy 
accessible. 

. . - benign, and safe In handling and operation. Reversible 

imroavcnon lithium insertion/extraction has been performed on a vari- 

Since tbe demonstration of reversible lithium xntercsla- . ^ compounds containing different tramition-mctal 
tion between the layers of TiSa.' considerable effort has ca tio»s and structural architectures. The sulfide* have too 
been devoted to the identification of other lithtum-inser- ^ a y an( j ^ e halldes too low an electronic conductlv- 
Uoo compounds that can be used as the cathode for a sec- ity 60 ^xticular attention has been given to transition' 
and soy Uthium battery. The desired material would have a D5ddes Yh^se efforts have resulted in the develop- 

relatively flat open-circuit voltage over a large lithium ment ^ rechargeable lithium batteries that now serve as 
solid solution within the voltage range of 2-5 < V<* < 4 0 V - gtete Q f ^ Btt power sources for consumer electronlcs- 
and be inexpensive, easy to fabricate, environmentally Among the known LUinsertlon compounds, the layered 

rock salt systems Ll^oO^* lA % -JHQ tf * and ihe man* 
• Electrocftfttfticfil Society Student Member jrariese-flninel framework system U.^lMnJO* * are now 

*- KlEdxochemicai Society Active Mctnben ganw apiuci ^ j 
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lined commercially its 4.0 V positive-eleetrudfc materials in 
rechargeable Uthltim batteries. However, the voltages in 
excess of 4,0 Vqtl higher charge In these oxides can lead to 
tbe cleco imposition of the Octroi ytcs, and the fully 
charged compounds s*e xnetnstabU!: (Mn J0 4 converts to 
MhO ? at J90°C S whUe Xully charged phases of-Li^CoOj 
and Li^KiOj loss t> R $bove 180. and 250*C t it&pootivety* 
Moreover, a lower lithium mobility within the fJMiiJCV, 
Spins! framework Umite its power capability. Although- the 
LjiaJMu^IO* system has a Hat V M ^ 3.0 V as: lithium, 
which is attractive,' structural changes associated with 3 
cooperative Jiihn-Teller deformation ol the framework 
Jend to reduce the capacity Irreversibly on repeated 
cycling." In addition* the availability ami. cost of thn tran- 
sition metals used in these compounds arc unfavorable as 
flic Wli/$ i& a uxor*. important fl^un^ of mt>n!t than Wh/g in 
the case of large baUiirlef; to bit used in an electric vehicle 
or a Umd-tiiveling ;^l«m. These consideration have moti- 
ve ud the investigation f; of iron-based oxides ■ 

The iron-based oxides (wntajtiitig 0 s ti,^ the union f»0e» 
a problem for the cathode designer; in tha*?o oxides the 
FV'/JT-q** redw energy rend; to lie too far bfilow the Ferinl 
GJiDr)C{y of a ! lithium anode and th<£ I*V l */F*f~" couplti tot) 
close to it. Layered LlFeO; prepared byton-exchang*! Jrxim 
«-NaFeO ? * has been investigated. ltf It would operate on 
the Fp*7W* nt;d*>x couple, but It is' mutest able, and #ves 
tmimpjT.R^vve battery performance. The other iron-baaed 
compound* proposed, vis. tfe*V F eOCK* and FoOOH » 
have a relatively pwrr rechargeabiliiy and/or too tow *i dis^ 
chuxge voltage. On the other hand, the use of polys nioos 
such os (S0JT'\ {PO^-. (AsOJ**, or even *MoQJ?" or 
(W0 4 )*' havi* been shown to lower the JVVFe^ redox 
energy to useful levels. Amon& the compounds vrith N AST- 
CON .framework* for example the open -circuit voltages 
w. lithium are 3.6 V for Li^OO^ 1 * 2.8 V for 
U JFWPOJ,," and 3.75 V* for L^FeTUPO,), ,B ; each of thef* 
materials hn5 a specific capacity of about 100 mAh/g. 
Timing of the enerj^' r>f th« Fe 3! /Fe-' couple is owwi- 
pltehed thixiogn £he choice ol the cuuntw cation- withm tlw 
poiyanion. Polarisation ol : the electron* of theO*" ions mto 
Shwg oov&lenl bonding wtflun tha ix>ly.Vuon reduces tpi» 
cvvaleni bonding w> the iron ion. which Uwver* its redox 
energy. Tho stronger the ravaltmt bonding within thre 
polysmlon, the lower i» t(w> Fo^'/Fe** redox energy and thn 
higher the li.fhiinn tVr that couple. 

The optJTi NASICON Frame wotU. allows rar$tLi.*-ion dif- 
fusion., but a sep$relM»n of the "FtO* oet^tbedTfl by poly an- 



ions reduces the- electronic condvetivity, which. in polaron- 
ic in lh« mixed- valent state* Tn thfe pap*jr wn report the 
cathode pcrform*n»;e txf an jr<jn phosphate, having an. 
ordered olivine structure in which the FeO ft rictahedr'ci 
share common cornens. 

The* M^XG^ olivine structure ha* M :iti»ns in : hirtf thu 
tictahedral sitos and X atoriis in, oiw-eiglit^i o| the teWfiiiR' 
riral. .^iirii of «tt huKtigpniil tloAe-^actced (hep) oKyfijen ; 
array; it is the hexagonal analo^ ot the cubic nonnut spinel 
X[M S KV Olivine ery^t^ltiieis in preferertee to spinel for 
cerw£n : small X i.om; ^uch as Bc**^ B J \ Si 4 '. P 9 *, nnd oeeo- 
slonally Ge. 4 '. Xln1.Vke spinel, the two ortahedrnl sites in 
oliviiH! ^re OTystaHograpliicAlly diutjnet and differ in: sl^e, 
whir;h favors' ordering fn MM'XO, olivines: containing M 
and M' ionft of different tizc and chnrge. The I>iMPQ + t<*m- 
pounds, with M. TO Fo, Mti.» Co» nr Ni, hav^ the ordered 
olivine strueture. 

Figure 1 shows the crystal structure of olivine: an. idea) 
hep rrn*del and the ootual Ktruciurei Th the actual Tstnic- 
tunt, 1 . the M<1) site ha& / symmetry, the 1&{2) <>ctahe<]iy)n)ias 
mirwr symmetry -with average M-X) dbtancc* .^ir^ter than 
thai in the ottuhadron. Tho M(l) sites form linear 

chains of i>d£<5-sharcd tkctfihedrci ruhnihg parallel to the 
c-axis In the alternate c*c planes; the M(S£) sites form sctg- 
s?og pontes of comer-shared oct3hedr« running parallel to 
theisms in the other plarmii (flei5.Fig til. Euc)i M{J) Aite 
3har«s its edge*; with two M{2) ftlt««i and two X. Kites; thnrc 
Is <»ne edgO shtiriJd by an M(a) Aits with an 5C idtp. a 
Distortion of the hep oxygen array ha* been .related to the 
cation-cation coulomb repulsion across ttw shumi ed&(.%. 
tn the L\MPO< (M '« Mn, Fe, Co, or Ni) compounds, the 
lithium moieties i>ccupy M{I) *ite» «nrf"thn M fttomsi M(a) 
sites. With Li in the continuous c.h3inof edge-«haT«d octa- 
hedi-a on alternate a-c planes, a revcrsiblo extraction/ 
insertion of lithium :rrom/in.to thest? chains would appear 
to be analofioiuj to the fcwo-dirapnfHonal CKlvaotlon or 
ins*?ttirin n/ lithium, in L!MO a :^yervd oxtd^s with M ^ 
Co or Ni" On tJie othw h«ndi, the XOi telmhudro bridge 
lietween "adjacfrht M(2) pTuniis in tftp Ttlivin*? slnict:in?, 
w*hich constrain* the free volume in which the Lr~ions 
move; only the W-Q bonding constrains the .spacing 
between i4C? s layers in the LiMO-cottpuunds. 

Our Jittempts ro delttlifate LiMnFO H> LtCoPOu and 
LiNlPO A proved unsuccessful with the Lido,, eiect'roJyw* 
used. However, we could us& out ability ro ddlthiato 
L1F&PO4 to initiate delithiation Vn tht? solid-sol uttw .sys- 
tem LiFy ( ..jMti^PO^; ncport a Mn^/M^* couplt! at 




b 




Kg. 1. OKvma cryata! Sfruc* 
Hire: N ideal KCP cnocWi, [b| 
otnxil studum. 



(a) 



(b) 
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4.1 eV below the Fermi energy of a lithium anode where 
there are Fe^-O-Mn 3 * interaction*. 

Experimental 

LiMPO« (M = Mn, Fe, Co, or N>) compounds were pre- 
pared by direct solid-state reaction of stoichiometric 
amounts of MCtI)-aeetates, ammonium phosphate, and 
ltthium carbonate. LiFePO, und i-IFe^WEnaPO, (x » 0-25, 
0.$0, and 0.75} were synthesized in inert atmosphere to 
prevent the forma tion of Fe 8 * compounds a* impurities. 
The intimately ground stoichiometric mixture of the start- 
ing materials was first decomposed at 300 to 350°C to 
drive away the gases. The mixture was then reground and 
returned to the furnace at 800°C for 24 h before being 
cooled slowly to room temperature. The x-ray powder dif- 
fraction technique was used to identify the phases. The 
unit-cell parameters were obtained with a least squares 
refinement to the diffraction peaks. Rietveld refinement of 
the x-ray diffraction (XRD) data was performed to obtain 
the structure. 

The electrochemical extraction/msextlnn of lithium and 
characterization of the performance of the phospho- 
olivines a* cathodes were made with coin-type cells (Type 
2320). After the materials were ground to fine particles 
with a milling machine, they were mixed/blended with 
acetylene black and poly tetraf fuoroethylene (PTFE) in the 
weight ratio 70:25;S, This cathode mixture, efter being 
kept at 14 for 2 h ( was rolled into thin sheets of uni- 
form thickness and cut into pellets of Teqnired sUe for 
coin-cell fabrication. The electrolyte was 1 M LiC10 4 1n a 
1:1 mixture of propylene carbonate (PC) and dimethoxy- 
ethane (DME). A lithium foil was used as the anode. The coin 
cell was fabricated in a glove box under argon atmosphere. 

Chemical delithiation to obtain Li 1 _ ff MP0 4 (0 < x < 1) 
was performed by reacting the materials with nitronium 
bexfifluorophosphate (NO : PF fl ) in acetonitrile under inert 
atmosphere. Reaction of lAFeP0 4 with bromine in aeetont- 
trUe wa$ also used to extract lithium chemically. Chemical 
lithiation was carried out by reacting the material with 
lithium iodide. The products were washed several times 
with acetonitrile to ensure the purity of the solid phase 
before it was dried in vacuum. Atomic absorption spec- 
trosopy was performed on in termed! ate compositions to 
obtain the exact lithium content with a Perkin -Elmer 1100 
spectrometer. 

The therms) stability of the phases was monitored from 
50 to 500*C by TGA and DSC techniques on a Ferkin- 
Elmer Thermal Analysis 7 instrument. These experiments 
were performed in both oxygen and an Inert atmosphere. 

Results and Discussion 

Electrochemical charge and discharge curves for 
LiFePO,, Fig. 2. show that approximately 0.8 lithium 
atoms per formula unit can be extracted at a closed -circuit 
voltage of 3.5 V v*. lithium and the same amount can be 
reversibly inserted back into the structure on discharge. 
The extraction and insertion of Hthium ions into the struc- 
ture of L>FeP0 4 is not only reversible on repeated cycling; 
the capacity actually increases slightly with cycling. 

The placement of the Fe^/Fe^ redox energy at 3.5 eV 
below the Fermi level of lithium in Li^aFePO* is to be 
compared with 2.8 eV found 1 " 1 in Ld^JT^POd, and 
Li^JFemfPOJa and at 3-6 eV in LUFe^SO^.* 4 A difference 
of 0.8 eV between the redox energies in the isostructural 
NASICON frameworks of Li ai Je^POJ* and LiJFejCSO*), 
can be attributed to the inductive effect, the oxygen form- 
ing a stronger bond within (SO*) 3 " than in (POJ^por/an- 
ions. On the other band* all the oxygen of both LiFePO* 
and Liiw.FeiCPOJ, form strong covalent bonds within a 
(F0 4 )*" complex, so the 0.7 eV difference in the Fe ! */Fe , "' 
redox energies of these two compounds roust have anoth- 
er origin than the inductive effect For tbe origin of this 
difference, we turn to the ionic component of the bonding. 

In an ionic compound, the position of the electron ener- 
gy levels depends critically on the Madelung potential at 
the different atoms, which depends an both the structure 
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and the degree of co valence in the bonding. The Madelung 
electric field raises the electron energies of the cations and 
lowers those of anions; in an Ionic crystal, the Madelung 
fields are strong enough to overcome the energy required 
to create the ionic species, and the redox states are anti- 
bonding states of primarily catignic origin. Reference to 
an Fc*7Fe 2+ redox energy implies a substantial ionic com- 
ponent to the bonding; and the stronger the Madelung 
electric field at the cation site, the higher is the Fe'VFe 3 * 
redox energy. The Madelung sum of coulomb energies can 
account qualitatively for a lower Fe^/Fe 3 * redox energy, 
and hence a higher V* w» lithium in L^.jFePO, than in 
U^e 7 (PO^. In the NASICON framework, the FeO, 
octahedra share no edges with other cation pplyhedra, 
which reduces the cation -cation coulomb repulsions con- 
tributing to the Madelung sum, whereas considerable edge 
sharing occurs in the ordered olivines. The cation-cation 
repulsive forces distort the hep anion array of on olivine, 
as noted above, but the repulsion is not sufficient to screen 
the reduction by these forces of the total Madelung electric 
field that raises the Fe^/Fe** redox energy above the 
(PO«}*~ energies- Therefore, theFe'*/Fe a * level lies lower in 
the ordered olivine structure. 

The Vfcr> curves for Lij.JFePO, in Fig. 2 show a voltage 
that is Independent of x over a large range of i» which 
indicates, by Gibbfe phase rule, that the extraction/inser- 
tion reactions proceed by the motion of a two-phase Inter- 
face. Ho establish the existence and structure of the second 
phase, a partial chemical delithiation was performed by 
reacting JUFeFO* with varying amounts NOjFFa in ace- 
tonitrile. Chemical delithiatton allows XRD patterns to be 
taken on clean samples. The XRD patterns in Fig. 2 show 
the emergence and growth of a second phase at the 
expense of LiFeP0 4 as more and more lithium is extract- 
ed. With total chemical delithiation, the second phase 
could be identified by both chemical analysis and Rietveld 
refinement to XRD data to be FeP0 4 - XRD patterns for 
chemical lithiation of FeP0 4 , Fig. 4, show the emergence 
and growth of LlFeP0 4 at tbe expense of FePO« on more 
lithiation. Electrochemical characterisation of a cathode 
made from tbe FeP0 4 obtained by total chemical delithia- 
tion of UFePO, gave the V(i) curves of Fig. 5; they are 
similar to those of Fig. 2, thus confirming that FePO< is the 
second phase that is present on electrochemical extraction 
of lithium from LaFeP0 4 . Therefore the extraction of lithi- 
um from LiFePO, to charge the cathode may be written as 

LiFePO* - - re'- *FeP0 4 + (1 - *)LiFePO* 

and the reaction for the insertion of lithium Into KeP0 4 on 
discharge as 

FeK> 4 + xLi 1 - + re" - *LiFuP0 4 + (1 - j)Fe*0 4 
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The excellent reversibility of the cells on repeated 
cycling is due to the striking similarity of the LiFePO* and 
FePO* structures, which are compared in Fig. 6. TePO^ ts 
isostructural with heteroslte, ¥^^Sn^O At for which 
several bond lengths have been refined." The lattice 
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Fig, 5. OIscharga/char-QR cttrvw vs. lithium a* 2.0 mA/g 
(0.05 mA/cm*) for li/aPO* 

parameters and the space group of both I*lFeP0 4 and 
FePO f phases are listed in Table 1; both UPeFO* ami 
FePO t have the same space group. On chemical extraction 
of lithium from LiFeFO,, there is a contraction of the a 
and & parameters, but a amaU Increase in the c parameter. 
The volume decreases by 0.$1% and the density increases 
by 2.59%. Althou^i the changes in the Fet*0« framework 
are displadve, not difiusionaU a first-order transition 
between LiFcPO, and FeP0 4 prevents the continuous 
insertion reaction 

LiFeF0 4 - iLi 1 " - xe' -* Lij^FePO* 

A first-order transition would seem to require a coopera- 
tive elastic deformation of the PeP0 4 framework. It is 
therefore of iutenest that the principal change In the 
framework on delithiation is a cooperative adjustment of 
the framework to the coulombfc repulsion between the 
0*'-ion sheet interfacing the delifchiated planes. 

Insertion of lithium into FeP0 4 wao reversible over the 
several cycles investigated. I^FeFO* represents a cathode 
of good capacity* and it contains inexpensive, environmen- 
tally benign element?. However, a nearly close-packed 
hexagonal oxide-ion array that is bonded strongly in three 
dimensions provides a relatively small free volume fox 14*- 
ion motion, go the electrode supports only relatively small 
current densities at room temperature, t¥overtheless, 
increasing the current density does not lower the open-cir- 
cuit voltage V M ; rather it decreases, reversibly, the cell 
capacity. Reducing the current restores the capacity. TW« 
observation Indicates the loss in capacity Is a dtSusion- 
limited phenomenon associated with the two-phase ch»r~ 
acter of the insertion process. 

As is Illustrated schematically in Fig. 7, lithium inser- 
tion proceeds from the surface of the particle moving 
inward behind a two-phaae Interface, a LS^PCV 
U,_,FePO< interface in this system. As the Uthiation pro- 
ceeds, the surface area of the interface shrinks. For a con- 
stant rate of lithium transport per unit area across the 
interface, a critical surface area is reached where the rate 
of total lithium transported across the interface is no 
longer able to sustain tbe current; the cell performance 
becomes diffusion-limited. The higher the currpiit, the 
greater fs the total critical interface area and, hence, the 
smaller the concentration * of inserted lithium before the 
cell performance becomes diffusion-limited. On extraction 
of lithium, the parent phase at the core of the particle 
grows back toward the particle surface, which Is why the 
parent phase Is retained on repeated cycling and the loss 
in capacity is reversible on lowering the current density 
delivered by the cell. This loss of capacity is not due to 
a breaking of the electrical contact between particles as 
a result of volume changes, a process that is normally 
Irreversible. 
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The thermal stability of the fully choked state of. 
L1FcP0 41 FePQ 4 . Is shown in the TGA curves of Fig. & On 
thei'mal treatment ol FePC^ in nitrogen atmosphere up to 
there, was no appreciable change in the weight. A 
weight loss of UG% is observed when the$ample was heat- 
ed up to There was very little difference in th<»TGA 
curves when the.sample was heated in oxygen atmosphere. 
No appreciable change could be found in the XRD ptiu 
terns taken after thermal IreattoeiH; there was no trace of 
impurity. Since the FeFO, for these experiments was pre- 
l>ared by treating LiFePO, with bromim; suverfcl timw in 
acctonitrlie, there could be ti smnJl amount of. L£Br" in the 
KHmjile evim.arier washing th« grudiicts several times with, 
acetonitrilo, which decomposes at 350°C. the DSC curve 
shown aiftnwll revCrsibte jHiak i\\ 30(I"C of unknown origin. 

In order to Locate the Mn ,4 /Mn 1- , Go 3 7Co'\ and 
NPVNi^ redox energiu* with respect vo thie Fermi energy 
of lithium, we tried tn extract, lithium electrochemieolly 
from other I.iftfFO* compounds with M = Mrv, Co, or Nl. 
SincfrUClOa with 1:X by volume mixture of PC and DME 
was used as the electro] yte, the upper voltage limit used in 
our- experiments were .4,3 to ^.4 Y. Higher upper voltages 
•resulted in oxidation ol the electrolyte, arid we could not 
initfate access to the Mn^/fan' ■ , Co^VGo 2 ', and W'/Ni 3 * 
redox couples in these compounds. However, we could 
access the Mn^/Mn*- couple in the presence of some iron 
atoms til the structure. -Solid -soiuUcmt LiF^.^npjO^ 
with x ^ 0.25, 0.50, and 0\75 Wen? synthesized. Figure 9 
shows linear increases of the latLute parameters with 
uiereasing Mn coatent in the. structure, in accordance with 
VegardV law. 

Figure I0a-<1 show the electrochemical charge and dis- 
charge jcurves for ooio- type- eel lu with LiFei f . 4 iln > 3*0 < (x « 
0.35, 0.30. k?Vand 1.0) as the cathode and lithium as the 
anode. The charging curve lor UFfi^Mn^PO,, rig. 10a, 
shows ;a small plateau nt 4 A ^ which is not very c)i$tja« 



I, The *pOc* group ond fatt*» per a m c t or s of UTaPO, and 
dcliihicted phose FoPO^ 
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guishabht in im? discharge eutv*: F\>r LiFtv^Mn, iFO t . the 
charging curye Fig. JOb shows- two distinct plateaus o* 
almost equal width, and these pJ a tea us are reproducible 
on discharge and over repeated cycling. As the Mn cimtent 
Is increased in tho structure, the amount of lithium that 
can be el^trochemi catty extracted by charing decreases 
as is evident in Fig ibe lor UFe^^Jn-sFO,. Wuh al! irit? 
Fe atoms replaced by Mn atoms, "a* \n JLiMr?i*0 4 , .lithium 
could not bp extracted rather f$p*tosc\\cmte»\)y, Fig. 10(3. 
or chemically by reacting with NO*PF H In acetimitrita. 

From thesi? oteemiiurts, we concTurio thai. Uie Wrf* /Mn 3 ■ 
redo* couple in phospho-oUvines lies 4.1 <?V below the 
Fcirmi enerj^y erf lithium if the Mn storos have an Fa atom 
:w a nearest neigh hoc Dos tabl3i« lion in thfe presence oi 
irr..n of the Mn' V"Mn B -' redox couple from over 4.3 to 4.1. eV 
below the Fermi. im$Ti&.ot lithium could reflect the Fe 1 '- 
O-Mn** supcrexchange interaction; theMn 7, level would 
be antibondlnff and the Fc"* level bonding wlth.nesmeet to 
this interaction. In LiMP0 4 with M = Co and Ni. the 
M a- /M a * redox energies lie well below the nighesv occupied 
ro.olec.ular orbital of our electrolyte, with the Ni'VNiV 
redox, couple lying around 0. v eV below the Go* '/Co** 
radme couple as in tha case ol the inverse spinels VI LiMfO; 




LIFeP0 4 



-INTERFACE 



F«. 7. Schmncfit rapnaenioHon of 4i* taaHkm nf UF*POJh&O t 
Jntdrfoce en fifhium iniertioo Id a pcrHid* of FeP0 4 . 
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with M « Co or Nj, 44 it appears that the greater eo valence 
o* the TO 4 tetrahedron relative to that of the V0 4 tetrahe- 
dron not only favor* the olivine as against the spinel struc- 
ture; it also stabili^ee-the redox couples at the octahedral 
sites by at least 0.4 eV» lowering the Mn* 4 /Mn** couple 
from 3.7 eV below the lithium-anode Fermi energy in 
V[LiMrjI0 4 to 4.1 eV in UFe^Mu^PO*. * 

Conclusion 

On extraction of lithium from LdFePOu a flat closed-cir- 
cuit voltage (CCV) curve at 0.05 mA/qm* of 3.5 V vs. lithi- 
um is obtained for the Fe*7FV* redox couple due to the 
presence of two phases, LiFeP0 4 and FfePO,. These phases 
belong to the came space group with a variation of the 
FePo* host only in the unit-cell parameters. This material 
1b very good for low-power applications; at higher current 
densities there is a reversible decrease in capacity that, we 
suggest, is associated with the movement of a two-phase 
interface, a feature characteristic of cathodes that traverse 
a two-phase compositional domain in the discharge cycle. 
The intercalation of only 0.6 ti atom/fbrrnula unit of 
LiFePo, may be an extrinsic problem since the same V*(:r) 
curves are obtained starting with FePO, and essentially all 
the lithium can be extracted chemically from LlFePO*. 

The deinterealation of lithium from the solid solution 
I^Fe,. jr Mn ? P0 4 (r - 0 to X) allow? location of the position 
of the Mn^/Mn** redox couple. When x = 0, we get a 
plateau at 3.5 V; but as the manganese content is 
increased, a plateau at 4.1 V appears. Maximum charging 
at 4.1 V is accomplished for x = 0.5, Aa expected, we 
observe that the oxidation of Mn* 1 " occurs only after the 
oxidation of Fe"*. We were unable to take out any lithium 
from IoMdPO* while charging up to 4.3 V Moreover, the 
J?S 1 th6 41 V P lateau decreases with increasing x > 
0.5, which suggest that the 4.1 V plateau is associated with 
the Mo atoms having Fe near neighbors. It appears that 
the Mn-O-Fe interactions raise the enesgy of the 




Fig. 9, Vernation of faflfee puruii i eh tf a of UF^_ 1 /Art k PO^ with 
increasing Mn convent ki the jfrvctura. 



Mn ,+ /Mn* 4 couple and slightly lower the Fe^ZFc* 4 couple. 
We were unable to extract Li from Isostructural LiCoPO« 
and ItlNiFO, with the electrolyte LICIO* in PC and DME 
due to the stability of the Co*7Co** and Ni a 7Nl** couples, 
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